
AD-238 870 ~ I~

OF

AZ

~~ I~NVESTIGATION 01Y AD)APTIVE 'NTRlLR
I. R 1UNi\ 'I R.VJL('ITORY I' I? AC K IN(

k il 1 .1.

DEPARTMENT OF THE AIR FORCE

AIR UNIVERSITY

SAIR FORCE INSTITUTE OF TECHNOLOGY

Wright-Patterson Air Force Base, Ohio

91 7 19 151



AFIT/GE/ENG/91J-05

DTIC
S ELECTi
S JUL221991 D

D

INVESTIGATION OF ADAPTIVE CONTROLLERS

FOR PUMA TRAJECTORY TRACKING

THESIS

Daniel J. Sims
Captain, USAF

AFIT/GE/ENG/91J-05

Approved for public release; distribution unlimited

91-05719



Form Approved

REPORT DOCUMENTATION PAGE OM o7o4.8

Puoiic reporting burden for tns colleacon of Information is estimated to average I hour Per resoorse. including tne time tor vewina intrj ior, searnri ex s no alald Sour(,
gathering and maintaining %me data needed, ano comoietinc and reviewing the collection of information Send comments reoaa ..o : tns Ouroen estimate or an, oilier asoect o tnis
collecion of inftormation. incucing sugcqtlons or re uting this ouroen to Washington Headquarters Ser ices, Crec0rate t- - Irmaton ODerations ana Re:r, 12 15 iefter"
Davis Highway. Suite 1204. .lington. A 22202-430. and tO the Office of Management and Budget, Pacerwor' Ke uction Prc et IG7VC4. 188), .ashinton ,C 25,

1. AGENCY USE ONLY (leave blank) T2. REPORT DATE 13. REPORT TYPE AND DATES COVERED
June 1991 Thesis

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Investigation of Adaptive Controllers
for PUMA Trajectory Tracking.

6. AUTHOR(S)

Daniel J. Sims, Capt, USAF

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Air Force Institute of Technology, WPAFB OH 45433-6583 AEOTNUER
AFIT/GE/ENG/91J-05

9. SPONSORING/ MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/ MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for Public Release; I
Distribution Unlimited

.13. ABSTRACT (Maximum 200 words)
-----.- ATwo robust model-based controllers and two decentralized adaptive controllers are experimentally evaluated.

Algorithm evaluation is motivated by the need foi controllers with good high speed tracking under varying
payload conditions. The test case is a PUMA-560 robotic manipulator operating over the standard test suite.
The model-based controllers are made robust by the addition of either an auxiliary input term or an adaptive
feedforward compensator based on Lyapunov Theory. The model-based auxiliary input controller (MBAIC)
adapts the gain matrices used in computing an additional torque to be combined with model-based feedfor-
ward and PD feedback torques. The adaptive model-based controllers adapt the assessment of the manipulator
parameters used in calculating feedforward torque.
The decentralized adaptive controllers are based ort either Lyapunov stability or Popov hyperstability. These
controllers calculate feedforward, feedback, and auxiliary torques based on trajectory errors and desired trajectory
parameters. The gain matrices used to multiply these quantities are adapted These auxiliary torque components
are identical to those used in the MBAICs.
Experimental evaluation provides insight into the potential and limitations of each method. The decentralized
digital adaptive contrul algorithms produce an unsatisfactory tracking response. Both model-based control
techniques improve the manipulator's tracking response.

1. SUBJECT TERMS "5 NUMBER O; PAGES

Robot Control,Adaptive Model-Based Control, Model-Based Auxiliary Input Con- 315
troller, Decentralized Adaptive Control 1i6 PRICE CODE.

17 SECURITY CLASSIFICATION 18 SECURITY CLASSIFICATION 1S SECUR:T CLASS5I-TION I 2G LIMiTATION Cr ATkC
OF REPORT OF THIS PAGE OF ABSTRAC7

Unclassified Unclassified Unclassified j UL

%. 7540-01,280-550v........... ........... ......... 0



GENERAL INSTRUCTIONS FOR COMPLETING SF 298

The Report Documentation Page (RDP) is used in announcing and cataloging reports. It is important
that this information be consistent with the rest of the report, particularly the i over and title page.
Instructions for filling in each block of the form follow. It is important to stay within the lines to meet
optical scanning requirements.

Block 1. Aqency Use Only (Leave blank). Block 12a. Distribution/Availability Statement.
Denotes public availability or limitations. Cite any

Block 2. Renort Date. Full publication date availability to the public. Enter additional
including day, month, and year, if available (e.g 1 limitations or special markings in all capitals (e.g.
Jan 88). Must cite at least the year. NOFORN, REL, ITAR).

Block 3. Type of Report and Dates Covered. DOD See DoDD 5230.24, "Distribution
State whether report is interim, final, etc. If Statements on Technical
applicable, enter inclusive report dates (e.g. 10 Documents.n
Jun 87 - 30 Jun 88). DOE See authorities.

Block 4. Title and Subtitle. A title is taken from NASA - See Handbook NHB 2200.2.
the part of the report that provides the most NTIS Leave blank.
meaningful and ccmplete information. When a
report is prepared in more than one volume, Block 12b. Distribution Code.
repeat the primary title, add volume number, and
include subtitle for the specific volume. On
classified documents enter the title classification DOD Eae blank.in parentheses. DOE -Enter DOE distribution categories

from the Standard Distribution for

Block 5. Funding Numbers. To include contract Unclassified Scientific and Technical

and grant numbers; may include program Reports.
element number(s), project number(s), task NASA - Leave blank.
number(s), and work unit number(s). Use the NTIS Leave blank.

following labels:

C - Contract PR - Project Block 13. Abstract. Include a brief (Maximum
G - Grant TA - Task 200 words) factual summary of the most
PE - Program WU - Work Unit significant infor ation contained in the report.

Element Accession No.

Block 6. Author(sJ Name(s) of person(s) Block14. SubiectTerms. Keywords or phrases
responsible for writing the report, performing identifying major subjects in the report.
the research, or credited with the content of the
report. If editor or compiler, this should follow
the name(s). Block 15. Number of Pages Enterthetotal

number of pages
Block 7. Performing Organizat-on Name(s) and
Address(es). Self-explanatory. Block 16. Price Code. Enter appropriate price

Block 8. Performing Organization Report code (NTIS only).
Number. Enter the unique alohanumeric report
number(s) assigned by the organization Blocks 17.- 19. Security Classifications. Self-
performing the report. explanatory Enter U.S. Security Classification in

Block g. Sponsoring/Myn-torin Aaencv Name(s) accordance with U S. Security Regulations (i.e,
and Address(es) Self-explanatory UNCLASSIFIED) If form contains classified

:nfor maton, stamp c!assifcation on the top and
Block 10. Sponsorina/Monito-:no Aaency bottom of the page.
Report Number (If known)

Block 11. SupplementarvNote: Enter Block 20. Limitation of Abstract This block must
information not included elsewnere such as. be completed to assign a limitation to the
Prepared in coooeration witv -ran 3 of , To be abstract. Enter either UL (unlimited) or SAR (same
published in.._ When a repot: s -eviseci , rciucle as report). An entry in this block is necessary if
a statement whether the new reoort supersedes the abstract is to ne limited If blank, the abstrac,
o," supplements the oiaer report* is assumed to be unlimited

Standard Form 298 Back (Rev 2-89)
U S GPO 1990 0 273 27'



AFIT/GE/ENG/91J-05

INVESTIGATION OF ADAPTIVE CONTROLLERS

FOR PUMA TRAJECTORY TRACKING

THESIS

Presented to the Faculty of the School of Engineering

of the Air Force Institute of Technology

Air University

In Partial Fulfillment of the

Requirements for the Degree of
Accesion j

Master of Science in Electrical Engineering N C,.
UTIC ",3 L.I

By

Daniel J. Sims, BSEE Dist. ihti 1

Captain, USAF

DiAt Sa,,a

JUNE 1991 A-(

Approved for public release; distribution unlimited



Preface

I would like to express my sincere thanks to my thesis advisor, Capt Michael B. Leahy,

for his direction, support, and tolerance during this research effort. I would also like to

thank my thesis committee, Dr. Peter Maybeck and Dr. Gary Lamont, for their assistance

in the final preparation of this document.

In addition to the my committee members, I'd like to thank Capt Paul Whalen and

Mr. Dan Zambon for helping me cure some of my computer illiteracy problems. Special

thanks to Captains Bobbie Niblett and Tom Cox for helping me wind up the paperwork

to get it out of the door. Finally, I'd like to thank my family for enduring me for the

last two years. Thanks, Samantha, for understanding when I couldn't just leave and drop

everything for more pleasant endeavors. I especially want to thank my wife, Linda, for her

love, understanding, and support through the AFIT ordeal.

Daniel J. Sims



Table of Contents

Page

Preface...... ... . .. . .... .. .. .. .. .. .. .. .. .. .. .. .. . ....

Table of Contents..... .... .. .. .. .. .. .. .. .. .. .. .. .. . . .....

List of Figures. .. .. .. .. ... ... ... ... ... ... ... .. ... .... vii

List of Tables .. .. .. ... ... ... ... ... .. ... ... ... ... ... xxiii

Abstract .. .. .. ... ... ... .. ... ... ... ... ... ... .. .... xxv

I. Introduction. .. .. .. ... ... ... ... ... .. ... ... ...... 1-1

1.1 Motivation. .. .. .. ... ... .. ... ... ... ... .... 11

1.2 Problem Statement .. .. .. .. .. ... .. ... ... ...... 1-1

1.3 Research Objective .. .. .. .. .. ... .. ... ... ...... 1-2

1.4 Method of Approach. .. .. .. .. ... .. ... ... ...... 1-2

1.5 Accomplishments. .. .. .. .. .. ... ... ... ... ..... 1-4

1.6 Organization. .. .. .. .. ... ... ... ... ... ....... 1-4

II. Literature Review .. .. .. ... .. ... ... ... ... ... .... 2-1

2.1 Introduction. .. .. .. ... ... ... .. ... ... ...... 2-1

2.2 Adaptive Model-Based Control Algorithm. .. .. .. .. ..... 2-1

2.2.1 Model-Based Control .. .. .. .. ... ... ...... 2-1

2.2.2 Adaptive Model-Based Control. .. .. .. .. ...... 2-3

2.2.3 Experimentation Algorithm. .. .. .. .. ... ..... 2-5

2.2.4 Friction Models .. .. .. .. .. ... ... .. ...... 2-7

2.3 Decentralized Digital Adaptive Control. .. .. .. ... ..... 2-8

2.3.1 Introduction .. .. .. .... ... .... ... ..... 2-8

iii



Page

2.3.2 Lyapunov-Based Deccutralized Adaptive Control . 2-8

2.3.3 Discrete-Time Adaptive Control ............... 2-12

2.3.4 Simulation and Experimental Results Discussion . . 2-14

2.4 Summary ....... ............................. 2-15

III. Adaptive Model-Based Control ...... ....................... 3-1

3.1 Introduction ........ ........................... 3-1

3.2 Test Environment ........................ ... . 3-1

3.3 Algorithm Implementation ...... ................... 3-2

3.4 Experimental Evaluation ....... .................... 3-4

3.4.1 Introduction ...... ....................... 3-4

3.4.2 Sixteen-Parameter Adaptation Testing ........ .... 3-5

3.4.3 Nineteen-Parameter Adaptation Testing ....... .... 3-6

3.4.4 Thirteen-Parameter Adaptation Testing ....... .... 3-6

3.5 Adaptive Model-Based Control Algorithm Test Results . . . 3-7

3.5.1 Introduction ....... ...................... 3-7

3.5.2 Single Run Tests With Uninitialized Parameters . . 3-8

3.5.3 Learning Runs With Uninitialized Parameters . . . 3-8

3.5.4 Single Run Tests With Initialized Parameters . . .. 3-14

3.5.5 Learning Runs With Initialized Parameters ..... 3-14

3.5.6 Comparison of In;tialized and Uninitialized Learning

Runs .................................. 3-18

3.6 Summary ........ ............................. 3-20

IV. Evaluation of Decentralized Digital Control Algorithms ............ ... 4-1

4.1 Introduction to the Discussion of Tarokh's Algorithm . . .. 4-1

4.2 Examination of Tarokh's Algorithm ..... .............. 4-2

4.3 The Tuning Process ....... ....................... 4-6

4.3.1 Weighted Error Terms ...................... 4-6

iv



Page

4.3.2 Auxiliary Torque Terms ..................... 4-7

4.3.3 Feedforward Torque Terms ..... .............. 4-7

4.3.4 Feedback Torque Terms ..................... 4-9

4.4 Examination of Seraji's Algorithm ..... ............... 4-9

4.4.1 Differences in Tarokh's and Seraji's Algorithms . . . 4-12

4.4.2 Experimental Runs Made Using Seraji's Algorithm . 4-13

4.4.3 Evaluation of Tarokh and Seraji Controllers ..... 4-13

4.5 Summary ....... ............................. 4-18

V. Model-Based Auxiliary Input Controllers ..... ................. 5-1

5.1 Model-Based Auxiliary Input Controller Implementation . .. 5-1

5.2 Comparison of the Tarokh and Seraji-Based MBAIC ..... 5-2

5.3 Model-Based Auxiliary Input Controller Test Results ..... 5-2

5.4 Comparison of MBAIC and AMBC Controllers ........ .... 5-3

5.5 Summary ........ ............................. 5-3

VI. Conclusions and Recommendations ....... .................... 6-1

6.1 Conclusions ........ ............................ 6-1

6.2 Recommendations ....... ........................ 6-2

Bibliography ........ ..................................... BIB-I

Appendix A. 13-Parameter Uninitialized Learning Runs .............. A-1

Appendix B. 16-Parameter Uninitialized Learning Runs .............. 13-

Appendix C. 19-Parameter Uninitialized Learning Runs .............. C-1

Appendix D. Comparisons of Single Uninitialized Runs .... .......... D-1

Appendix E. Comparisons of Uninitialized Runs After Learning ..... E-1

V



Page

Appendix F. 13-Parameter Initialized Learning Runs .... ........... F-1

Appendix G. 16-Parameter Initialized Learning Runs .... ........... G-1

Appendix H. 19-Parameter Initialized Learning Ru'ns ..... ........... H-1

Appendix I. Comparisons of Single Initialized Runs ..... ............ I-1

Appendix J. Comparisons of Initialized Runs After Learning ........ J-1

Appendix K. Comparisons of 16- and 19-Parameter Learning Runs .... K-1

Appendix L. Learned Parameters for 13-Parameter Testing ............ L-1

Appendix M. Learned Parameters for 16-Parameter Testing ........... M-i

Appendix N. Learned Parameters for 19-Parameter Testing .... ........ N-1

Appendix 0. Comparison of Learned Parameters ..... ............. 0-1

Appendix P. Tarokh Algorithm Runs ....... .................... P-1

Appendix Q. Comparisons of Tarokh and Seraji Control Algorithms . . . Q-1

Appendix R. Comparisons of MBAIC and SMBC Controllers ........ I-i

Appendix S. Comparison of MBAIC and AMBC Controllers ... ....... S-i

Vita ......... .......................................... VITA-1

vi



List of Figures

Figure Page

3.3. Comparison of Uninitialized Single Run Tests - Trajectory 3 ...... 3-9

3.2. Comparison of Uninitialized Single Run Tests - Trajectory 3 ...... 3-9

3.3. Comparison of Uninitialized Single Run Tests - Trajectory 3 ...... .... 3-10

3.4. Comparison of Uninitialized Runs After Learning - Trajectory 2 .... 3-11

3.5. Comparison of Uninitialized Runs After Learning - Trajectory 2 ... 3-11

3.6. Comparison of Uninitialized Runs After Learning - Trajectory 2 . ... 3-12

3.7. Comparison of Initialized Single Run Testing - Trajectory 4 ....... .... 3-15

3.8. Comparison of Initialized Single Run Testing - Trajectory 4 ....... .... 3-15

3.9. Comparison of Initialized Single Run Testing - Trajectory 4 ....... .... 3-16

3.10. Comparison of Initialized Runs After Learning - Trajectory 4 ...... .... 3-17

3.11. Comparison of Initialized Runs After Learning - Trajectory 4 ...... .... 3-17

3.12. Comparison of Initialized Runs After Learning - Trajectory 4 ...... .... 3-18

3.13. Comparison of 16- and 19-Para.meter Adaptation Runs - Trajectory 5 . 3-19

3.14. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 5 . 3-19

3.15. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 5 . 3-20

4.1. Joint 2 Trajectories with no Joint 3 Movement .................. 4-3

4.2. Joint 2 Trajectories with no Payload .......................... 4-3

4.3. Joint 2 Errors with no Joint 3 Movement ...... ................ 4-4

4.4. Joint 2 Errors with no Payload ............................. 4-4

4.5. Error Plots During Tuning Tarokh's Algorithm ................... 4-8

4.6. Error Plots During Tuning Tarokh's Algorithm ................... 4-8

4.7. Error Plots During Tuning Tarokh's Algorithm ................... 4-9

4.8. Comparison of Tarokh's and Seraji's Control Algorithms - Trajectory 1 1-14

4.9. Comparison of Tarokh's and Seraji's Control Algorithms - Trajectory ] 4-14

vii



0 Imagen Laser Printer (im132)
Owner dsims

00 Host wa7
//printer im132

Date Wed Apr 24 22:43:29 1991
User dsims
formlength 66

inputbin draft
copies 1/ pageduplex of f
language ultrascript
jobheader on 00

System Version TURBO UltraScript 5.OT IP/II, Serial #89:10:51
Page images processed: 8o
Pages printed: 8

01 910 Paper size (width, height):
2560, 3328

or A Document length:
70809 bytes 5

%%[ Error: syntaxerror; Of fendingCommand: --nostringval--J%

/ /o
5/

/o

/Il
0/

/Z

/001

/



AFIT/GE/EN'11 /91J-05

INVESTIGATION OF ADAPTIVE C ONTROLLERS
FOR PUMA TRAJECTORY TRACKING

THESIS

Daniel J. Sims
Captain, USAF

AFIT/GE/ENG/91J-05

Approved for public release; distribution unlimnitedl



AFIT/GE/ENG/91J-05

INVESTIGATION OF ADAPTIVE CONTROLLERS

., OR PUMA TRAJECTORY TRACKING

THESIS

Presented to the Faculty of the School of Engineering

of the Air Force Institute of Technology

Air University

In Partial Fulfillment of the

Requirements for the Degree of

Master of Science ;n Electrical Engineering

Daniel J. Sims, BSEE

Captain, USAF

JUNE 1991

Approved for public release; distribution unlimited



Preface

I would like to express my sincere thanks to my thesis advisor, Capt Michael B. Leahy,

for his direction, support, and tolerance during this research effort. I would also like to

thank my thesis committee, Dr. Peter Maybeck and Dr. Gary Lamont, for their assistance

in the final preparation of this document.

In addition to the my committee members, I'd like to thank Capt Paul Whalen and

Mr. Dan Zambon for helping me cure some of my computer illiteracy problems. Special

thanks to Captains Bobbie Niblett and Tom Cox for helping me wind up the paperwork

to get it out of the door. Finally, I'd like to thank my family for enduring me for the

last two years. Thanks, Samantha, for understanding when I couldn't just leave and drop

everything for more pleasant endeavors. I especially want to thank my wife, Linda, for her

love, understanding, and support through the AFIT ordeal.

Daniel J. Sims

ii



Table of Contents

Page

Preface ......... ........................................ . ii

Tabie of Contents ....... .................................. .. iii

List of Figures .............................. . . .... . vii

List of Tables ......... .................................... xxiii

Abstract ......... ........................................ xxv

I. Introduction ......... ................................. 1-1

1.1 Motivation ........ ............................ 1-1

1.2 Problem Statement ............................... 1-1

1.3 Research Objective ............................... 1-2

1.4 Method of Approach ...... ....................... 1-2

1.5 Accomplishments ................................. 1-4

1.6 Organization ....... ............................ 1-4

II. Literature Review ........ .............................. 2-1

2.1 Introduction ....... ........................... 2-1

2.2 Adaptive Model-Based Control Algorithm .... ........... 2-1

2.2.1 Model-Based Control ..... ................. 2-1

2.2.2 Adaptive Model-Based Control .... ............ 2-3

2.2.3 Experimentation Algorithm ..... .............. 2-5

2.2.4 Friction Models ...... ..................... 2-7

2.3 Decentralized Digital Adaptive Control .... ............ 2-8

2.3.1 Introduction ....... ...................... 2-8

iii



Page

2.3.2 Lyapunov-Based Decentralized Adaptive Control . 2-8

2.3.3 Discrete-Time Adaptive Control ............... 2-12

2.3.4 Simulation and Experimental Results Discussion . . 2-14

2.4 Summary ....... ............................. 2-15

III. Adaptive Model-Based Control ...... ....................... 3-1

3.1 Introduction ........ ........................... 3-1

3.2 Test Environment ....... ........................ 3-1

3.3 Algorithm Implementation ...... ................... 3-2

3.4 Experimental Evaluation ....... .................... 3-4

3.4.1 Introduction ....... ...................... 3-4

3.4.2 Sixteen-Parameter Adaptation Testing ........ .... 3-5

3.4.3 Nineteen-Parameter Adaptation Testing ....... .... 3-6

3.4.4 Thirteen-Parameter Adaptation Testing ....... .... 3-6

3.5 Adiptive Model-Based Control Algorithm Test Results . . . 3-7

3.5.1 Introduction ....... ...................... 3-7

3.5.2 Single Run Tests With Uninitialized Parameters . . 3-8

3.5.3 Learning Runs With Uninitialized Parameters . . . 3-8

3.5.4 Single Run Tests With Initialized Parameters . . .. 3-14

3.5.5 Learning Runs With Initialized Parameters ..... 3-14

3.5.6 Comparison of Initialized and Uninitialized Learning

Runs .................................. 3-18

3.6 Summary ....... ............................. 3-20

IV. Evaluation of Decentralized Digital C'ntrol Algorithms .... ......... 4-1

4.1 Introduction to the Discussion of Tarokh's Algorithm . ... 4-1

4.2 Examination of Tarokh's Algorithm. ................... 4-2

4.3 The Tuning Process ...... ....................... 4-6

4.3.1 Weighted Error Terms ...................... 4-6

iv



Page

4.3.2 Auxiliary Torque Terms ..................... 4-7

4.3.3 Feedforward Torque Terms ..... .............. 4-7

4.3.4 Feedback Torque Terms ..................... 4-9

4.4 Examination of Seraji's Algorithm ..... ............... 4-9

4.4.1 Differences in Tarokh's and Seraji's Algorithms . . . 4-12

4.4.2 Experimental Runs Made Using Seraji's Algorithm . 4-13

4.4.3 Evaluation of Tarokh and Seraji Controllers ..... 4-13

4.5 Summary ....... ............................. 4-18

V. Model-Based Auxiliary Input Controllers ..... ................. 5-1

5.1 Model-Based Auxiliary Input Controller Implementation . .. 5-1

5.2 Comparison of the Tarokh and Seraji-Based MBAIC ..... 5-2

5.3 Model-Based Auxiliary Input Controller Test Results ..... 5-2

5.4 Comparison of MBAIC and AMBC Controllers ............ 5-3

5.5 Summary ........ ............................. 5-3

VI. Concluslons and Recommendations ..... ..................... 6-1

6.1 Conclusions .............................. 6-1

6.2 Recommendations ....... ........................ 6-2

Bibliography ........ ...................................... BIB-1

Appendix A. 13-Parameter Uninitialized Learning Runs .............. A-1

Appendix B. 16-Parameter Uninitialized Learning Runs .............. B-I

Appendix C. 19-Parameter Uninitialized Learning Runs .............. C-1

Appendix 1). Comparisons of Single Uninitialized Runs ... .......... )-i

Appendix E. Comparisons of Uninitialized Runs After Learning ..... 1

V



Page

Appendix F. 13-Parameter Initialized Learning Runs .... ........... F-1

Appendix G. 16-Parameter Initialized Learning Runs ........... G-I

Appendix H. 19-Parameter Initialized Learning Runs .... ........... H-1

Appendix I. Comparisons of Single Initialized Runs ..... ............ I-1

Appendix J. Comparisons of Initialized Runs After Learning .......... J-1

Appendix K. Comparisons of 16- and 19-Parameter Learning Runs . ... K-1

Appendix L. Learned Parameters for 13-Parameter Testing .... ........ L-1

Appendix M. Learned Parameters for 1(-Parameter Testing ........... M-1

Appendix N. Learned Parameters for 19-Parameter Testing .... ........ N-1

Appendix 0. Compaison of Learned Parameters ..... ............. 0-1

Appendix P. Tarokh Algorithm Runs ....... .................... P-1

Appendix Q. Comparisons of Tarokh and Seraji Control Algorithms . . . Q-1

Appendix R. Comparisons of MBAIC and SMBC Controllers .......... R-1

Appendix S. Comparison of BAIC and AMBC Controllers .......... S-1

Vita ......... .......................................... VITA- I

vi



List of Figures

Figure Page

3.1. Comparison of Uninitialized Single Run Tests - Trajectory 3 3-9

3.2. Comparison of Uninitialized Single Run Tests - Trajectory 3 ...... 3-9

3.3. Comparison of Uninitialized Single Run Tests - Trajectory 3 ...... .... 3-10

3.4. Comparison of Uninitialized Runs After Learning - Trajectory 2 . . 3-11

3.5. Comparison of Uninitialized Runs After Learning - Trajectory 2 . . 3-11

3.6. Comparison of Uninithilized Runs After Learning - Trajectory 2 . ... 3-12

3.7. Comparison of Initialized Single Run Testing - Trajectory 4 ....... .... 3-15

3.8. Comparison of Initialized Single Run Testing - Trajectory 4 ....... .... 3-15

3.9. Comparison of Initialized Single Run Testing - Trajectory 4 ....... .... 3-16

3.10. Comparison of Initialized Runs After Learning - Trajectory 4 ...... .... 3-17

3.11. Comparison of Initialized Runs After Learning - Trajectory 4 ...... .... 3-17

3.12. Comparison of Initialized Runs After Learnting - Trajectory 4 ...... .... 3-18

3.13. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 5 3-19

3.14. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 5 3-19

3.15. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 5 3-20

4.1. Joint 2 Trajectories with no Joint 3 Movement ................... 4-3

4.2. Joint 2 Trajectorics wvith no Payload .......................... 4-3

4.3. Joint 2 Errors with no Joint 3 Movement ...................... 4-4

4.4. Joint 2 rirrors with no Payload ............................. 4-4

4.5. Error Plots During Tuning Tarokh's Algorithm ................... 4-8

4.6. Error Plots During Tuning Tarokh's Algorithm ................... 1-8

4.7. Error Plots During Tuning Tarokh's Algorithm .................. 4-9

4.8. Comparison of Tarokh's and Seraji's Control Algorithms - Trajectory 1 4-14

4.9. Comparison of Tarokh's and Seraji's Control Algorithms - Trajectory 1 4-14

vii



Figure Page

4.10. Comparison of Tarokh's and Seraji's Control Algorithms - Trajectory 1 4-15

4.11. Effects of Tarokh Discrete Adaptive Controller's Trajectory 0 Parameters

on Trajectories 2 and 3 ....... ........................... 4-16

4.12. Effects of Tarokh Discrete Adaptive Controller's Trajectory 0 Parameters

on Trajectories 2 and 3 ....... ........................... 4-16

4.13. The Effects of Trajectory 0 Tuning Parameters on Trajectories 2 and 3 4-17

4.14. The Effects of Trajectory 0 Tuning Parameters on Trajectories 4 and 5 4-19

4.15. The Effects of Trajectory 0 Tuning Pa, %meters on Trajectories 4 and 5 4-19

4.16. The Effects of Trajectory 0 Tuning Parameters on Trajectories 4 and 5 4-20

4.17. The Effects of Trajectory 0 Tuning Parameters on Trajectories 4 and 5 4-20

4.18. The Effects of Trajectory 0 Tuning Parameters on Trajectories 1 and 6 4-21

4.19. The Effects of Trajectory 0 Tuning Parameters on Trajectories 1 and 6 4-21

4.20. The effects on Trajectory 0 Tuning Parameters on Speed - 2 sec vs 1.5 sec 4-22

4.21. The effects on Trajectory 0 Tuning Parameters on Speed - 2 sec vs 1.5 sec 4-22

4.22. The effects on Trajectory 0 Tuning Parameters on Speed - 2 sec vs 1.5 sec 4-23

5.1., Comparis . of MBAIC and SMBC Controllers - Trajectory 0 ...... .... 5-4

5.2. Comparibon of MBAIC and SMBC Controllers - Trajectory 0 ...... .... 5-4

5.3. Comparison of MBAIC and SMBC Controllers - Trajectory 0 ...... .... 5-5

A.1. 13-Parameter Uninitialized Adaptation Runs - Trajectory 2 ....... .... A-2

A.2. 13-Paramete,- Uninitialized Adaptation Runs - Trajectory 2 ....... .... A-2

A.3. 13-Parameter Uninitialized Adaptation Runs Trajectory 2 ....... .... A-3

A.4. 13-Parameter Uninitialized Adaptation Runs - Trajectory 3 ....... .... A-3

A.5. 13-Parameter Uninitialized Adaptation Runs - Trajectory 3 ....... .... A-4

A.6. 13-Parameter Uninitialized Adaptation Runs - Trajectory 3 ....... .... A-4

A.7. 13-Parameter Uninitialized Adaptation Runs - Trajectory 3 w/ Payload A-5

A.8. 13-Parameter Uninitialized Adaptation Runs - Trajectory 3 w/ Payload A-5

A.9. 13-Parameter Uninitialized Adaptation Riuns - Trajectory 3 w/ Payload A-6

viii



Figure Page

A.10.13-Parameter Uninitialized Adaptation Runs - Trajectory 4 ....... .... A-6

A.11.13-Parameter Uninitialized Adaptation Runs - Trajectory 4 ....... .... A-7

A.12.13-Parameter Uninitialized Adaptation Runs - Trajectory 4 ....... .... A-7

A.13.13-Parameter Uninitialized Adaptation Runs - Trajectory 5 ....... .... A-8

A.14.13-Parameter Uninitialized Adaptation Runs - Trajectory 5 ......... A-8

A.15.13-Parameter Uninitialized Adaptation Runs - Trajectory 5 ....... .... A-9

A.16.13-Parameter Uninitialized Adaptation Runs - Trajectory 1 ....... .... A-9

A.17.13-Parameter Uninitialized Adaptation Runs - Trajectory 1 ....... .... A-10

A.18.13-Parameter Uninitialized Adaptation Runs - Trajectory 1 ....... .... A-10

A.19.13-Parameter Uninitialized Adaptation Runs - Trajectory 1 w/ Payload A-11

A.20.13-Parameter Uninitialized Adaptation Runs - Trajectory 1 w/ Payload A-11

A.21.13-Parameter Uninitialized Adaptation Rdns - Trajectory 1 w/ Payload A-12

A.22.13-Parameter Uninitialized Adaptation Runs - Trajectory 6 ....... .... A-12

A.23.13-Parameter Uninitialized Adaptation Runs - Trajectory 6 ....... .... A-13

A.24.13-Parameter Uninitialized Adaptation Runs - Trajectory 6 ....... .... A-13

B.1. 16-Parameter Uninitialized Adaptation Runs - Trajectory 2 ....... .... B-2

B.2. 16-Parameter Uninitialized Adaptation Runs - Trajectory 2 ....... .... B-2

B.3. 16-Parameter Uninitialized Adaptation Runs - Trajectory 2 ....... .... B-3

B.4. 16-Parameter Uninitialized Adaptation Runs - Trajectory 3 ....... .... B-3

B.5. 16-Parameter Uninitialized Adaptation Runs - Trajectory 3 ....... .... B-4

B.6. 16-Parameter Uninitialized Adaptation Runs - Trajectory 3 ....... .... B-4

B.7. 16-Parameter Uninitialized Adaptation Runs - Trajectory 3 w/ Payload B-5

B.8. 16-Parameter Uninitialized Adaptation Runs - Trajectory 3 w/ Payload B-5

B.9. 16-Parameter Uninitialized Adaptation Runs - Trajectory 3 w/ Payload B-6

B.10.16-Parameter Uninitialized Adaptation Runs - Trajectory 4 ....... .... B-6

B.11.16-Parameter Uninitialized Adaptation Runs - Trajectory 4 ....... .... B-7

B.12.16-Parameter Uninitialized Adaptation Runs - Trajectory 4 ....... .... B-7

ix



Figure Page

B.13.16-Parameter Uninitialized Adaptation Runs - Trajectory 5 ....... ... B-8

B.14.16-Parameter Uninitialized Adaptation Runs - Trajectory 5 ....... .... B-8

B.15.16-Parameter Uninitialized Adaptation Runs - Trajectory 5 ....... ... B-9

B.16.16-Parameter Uninitialized Adaptation Runs - Trajectory 1 ....... .... B-9

B.17.16-Parameter Uninitialized Adaptation Runs - Trajectory 1 ....... ... B-10

B.18.16-Parameter Uninitialized Adaptation Runs - Trajectory I ....... ... B-10

B.19.16-Parameter Uninitialized Adaptation Runs - Trajectory I w/ Payload B-11

B.20.16-Parameter Uninitialized Adaptation Runs - Trajectory 1 w/ Payload B-11

B.21.16-Parameter Uninitialized Adaptation Runs - Trajectory 1 w/ Payload B-12

B.22.16-Parameter Uninitialized Adaptation Runs - Trajectory 6 ....... ... B-12

B.23.16-Parameter Uninitialized Adaptation Runs - Trajectory 6 ....... ... B-13

B.24.16-Parameter Uninitialized Adaptation Runs - Trajectory 6 ....... ... B-13

C.1. 19-Parameter Uninitialized Adaptation Runs - Trajectory 2 ....... ... C-2

C.2. 19-Parameter Uninitialized Adaptation Runs - Trajectory 2 ....... .... C-2

C.3. 19-Parameter Uninitialized Adaptation Runs - Trajectory 2 ....... .... C-3

C.4. 19-Parameter Uninitialized Adapt, 'n Runs - Trajectory 3 ....... .... C-3

C.5. 19-Parameter Uninitialized Adaptation Runs - Trajectory 3 ....... .... C-4

C.6. 19-Parameter Uninitialized Adaptation Runs - Trajectory 3 ....... .... C-4

C.7. 19-Parameter Uninitialized Adaptation Runs - Trajectory 3 w/ Payload C-5

C.8. 19-Parameter Uninitialized Adaptation Runs - Trajectory 3 w/ Payload C-5

C.9. 19-Parameter Uninitialized Adaptation Runs - Trajectory 3 w/ Payload C-6

C.10.19-Parameter Uninitialized Adaptation Runs - Trajectory 4 ....... .... C-6

C.11.19-Parameter Uninitialized Adaptation Runs - Trajectory 4 ....... .... C-7

C.12.19-Parameter Uninitialized Adaptation Runs - Trajectory 4 ....... .... C-7

C.13.19-Parameter Uninitialized Adaptation Runs - Trajectory 5 ....... .... C-8

C.14.19-Parameter Uninitialized Adaptation Runs - Trajectory 5 ....... .... C-8

C.15.19-Parameter Uninitialized Adaptation Runs - Trajectory 5 ....... .... C-9

x



Figure Page

C.16.19-Parameter Uninitialized Adaptation Runs - Trajectory 1 ....... .... C-9

C.17.19-Parameter Uninitialized Adaptation Runs - Trajectory 1 .......... C-10

C.18.19-Parameter Uninitialized Adaptation Runs - Trajectory 1 .......... C-10

C.19.19-Parameter Uninitialized Adaptation Runs - Trajectory 1 w/ Payload C-11

C.20.19-Parameter Uninitialized Adaptation Runs - Trajectory 1 w/ Payload C-11

C.21.19-Parameter Uninitialized Adaptation Runs - Trajectory 1 w/ Payload C-12

C.22.19-Parameter Uninitialized Adaptation Runs - Trajectory 6 .......... C-12

C.23.19-Parameter Uninitialized Adaptation Runs - Trajectory 6 ....... .... C-13

C.24.19-Parameter Uninitialized Adaptation Runs - Trajectory 6 ....... .... C-13

D.1. Comparison of Single Uninitialized Runs - Trajectory 2 ............. D-2

D.2. Comparison of Single Uninitialized Runs - Trajectory 2 ............. D-2

D.3. Comparison of Single Uninitialized Runs - Trajectory 2 ............. D-3

D.4. Comparison of Single Uninitialized Runs - Trajectory 3 ............. D-3

D.5. Comparison of Single Uninitialized Runs - Trajectory 3 ............. D-4

D.6. Comparison of Single Uninitialized Runs - Trajectory 3 ............. D-4

D.7. Comparison of Single Uninitialized Runs - Trajectory 3 w/ Payload . D-5

D.8. Comparison of Single Uninitialized Runs - Trajectory 3 w/ Payload . D-5

D.9. Comparison of Single Uninitialized Runs - Trajectory 3 w/ Payload . D-6

D.1O.Comparison of Single Uninitialized Runs - Trajectory 4 ............. D-6

D.11.Comparison of Single Uninitialized Runs - Trajectory 4 ............. D-7

D.12.Comparison of Single Uninitialized Runs - Trajectory 4 ............. D-7

D.13.Comparison of Single Uninitialized Runs - Trajectory 5 .......... D-8

D.14.Comparison of Single Uninitialized Runs - Trajectory 5 ............. D-8

D.15.Comparison of Single Uninitialized Runs - Trajectory 5 ............. D-9

D.16.Comparison of Single Uninitialized Runs - Trajectory 1 ............. D-9

D.17.Comparison of Single Uninitialized Runs - Trajectory 1 ............ D-10

D.18.Comparison of Single Uninitialized luns - Trajectory 1 ............ D-10

xi



Figure Page

D.19.Comparison of Single Uninitialized Runs - Trajectory 1 w/ Payload D-11

D.20.Comparison of Single Uninitialized Runs - Trajectory 1 w/ Payload D-11

D.21.Comparison of Single Uninitialized Runs - Trajectory 1 w/ Payload D-12

D.22.Comparison of Single Uninitialized Runs - Trajectory 6 ............ D-12

D.23.Comparison of Single Uninitialized Runs - Trajectory 6 ............ D-13

D.24.Comparison of Single Uninitialized Runs - Trajectory 6 ............ D-13

i
E.1. Comparison of Uninitialized Runs After Learning - Trajectory 2 . . . E-2

E.2. Comparison of Uninitialized Runs After Learning - Trajectory 2 . . . . E-2

E.3. Comparison of Uninitialized Runs After Learning - Trajectory 2 .... E-3

E.4. Comparison of Uninitialized Runs After Learning - Trajectory 3 ... E-3

E.6. Comparison of Uninitialized Runs After Learning - Trajectory 3 . . .. E-4

E.6. Comparison of Uninitialized Runs After Learning - Trajectory 3 . . . . E-4

E.7. Comparison of Uninitialized Runs After Learning - Trajectory 3 w/ Payload E-5

E.8. Comparison of Uninitialized Runs After Learning - Trajectory 3 w/ Payload E-5

E.9. Comparison of Uninitialized Runs After Learning - Trajectory 3 w/Payload E-6

E.1.Comparison of Uninitialized Runs After Learning - Trajectory 4 ./Pa.o. E-6

E.10.Comparison of Uninitialized Runs After Learning - Trajectory 4 .... E-7

E.11.Comparison of Uninitialized Runs After Learning - Trajectory 4 .... E-7

E.1.Comparison of Uninitialized Runs After Learning - Trajectory 5 . . .. E-8

E.12.Comparison of Uninitialized Runs After Learning - Trajectory 5 . . E-

E.1.Comparison of Uninitialized Runs After Learning - Trajectory 1.. . . E-9

E.13.Comparison of Uninitialized Runs After Learning - Trajectory . ... E-o

E.18.Comparison of Uninitialized Runs After Learning - Trajectory 1 . E-10

E.14.Comparison of Uninitialized Runs After Learning - Trajectory 1 .. . . E-10

E.15.Comparison of Uninitialized Runs After Learning - Trajectory 1 w/ Payload E-11

E.21.Comparison of Uninitialized Runs After Learning - Trajectory 1 w/ Payload E-11

E.21.Comparisoi of Uninitialized lRuns After Learning - Trajectory 1 w/ Payload E-12

xii



Figure Page

E.22.Comparison of Uninitialized Runs After Learning - Trajectory 6 .... E-12

E.23.Comparison of Uninitialized Runs After Learning - Trajectory 6 . . . . E-13

E.24.Comparison of Uninitialized Runs After Learning - Trajectory 6 . . . . E-13

F.1. 13-Parameter Initialized Adaptation Runs - Trajectory 2 ............ F-2

F.2. 13-Parameter Initialized Adaptation Runs - Trajectory 2 ............ F-2

F.3. 13-Parameter Initialized Adaptation Runs - Trajectory 2 ............ F-3

F.4. 13-Parameter Initialized Adaptation Runs - Trajectory 3 ............ F-3

F.5. 13-Parameter Initialized Adaptation Runs - Trajectory 3 ............ F-4

F.6. 13-Parameter Initialized Adaptation Runs - Trajectory 3 ............ F-4

F.7. 13-Parameter Initialized Adaptation Runs - Trajectory 3 w/ Payload F-5

F.8. 13-Parameter Initialized Adaptation Runs - Trajectory 3 w/ Payload F-5

F.9. 13-Parameter Initialized Adaptation Runs - Trajectory 3 w/ Payload F-6

F.10. 13-Parameter Initialized Adaptation Runs - Trajectory 4 ............ F-6

F.11.13-Parameter Initialized Adaptation Runs - Trajectory 4 ............ F-7

F.12.13-Parameter Initialized Adaptation Runs - Trajectory 4 ......... F -7

F.13.13-Parameter Initialized Adaptation Runs - Trajectory 5 ............ F-8

F.14.13-Parameter Initialized Adaptation Runs - Trajectory 5 ............ F-8

F.15.13-Parameter Initialized Adaptation Runs - Trajectory 5 ............ F-9

F.16.13-Parameter Initialized Adaptation Runs - Trajectory 1 ........... F-9

F.17.13-Parameter Initialized Adaptation Runs - Trajectory 1 ............ F-10

F.18.13-Parameter Initialized Adaptation Runs - Trajectory 1 ........... F-10

F.19.13-Parameter Initialized Adaptation Runs - Trajectory 1 w/ Payload F-1h

F.20.13-Parameter Initialized Adaptation Runs - Trajectory 1 w/ Payload F-11

F.21.13-Parameter initialized Adaptation Runs - Trajectory 1 w/ Payload F-12

F.22.13-Parameter Initialized Adaptation Runs - Trajectory 6 ........... F-12

F.23.13-Parameter Initialized Adaptation Runs - Trajectory 6 ........... F-13

F.24.13-Parameter Initialized Adaptation Runs - Trajectory 6 ........... F-13

xiii



Figure Page

G.1. 16-Parameter Initialized Adaptation Runs - Trajectory 2 ........... G-2

G.2. 16-Parameter Initialized Adaptation Runs - Trajectory 2 ........... G-2

G.3. 16-Parameter Initialized Adaptation Runs - Trajectory 2 ........... G-3

G.4. 16-Parameter Initialized Adaptation Runs - Trajectory 3 ........... G-3

G.5. 16-Parameter Initialized Adaptation Runs - Trajectory 3 ........... G-4

G.6. 16-Parameter Initialized Adaptation Runs - Trajectory 3 ........... G-4

".7. 16-Parameter Initialized Adaptation Runs - Trajectory 3 w/ Payload G-5

G.8. 16-Parameter Initialized Adaptation Runs - Trajectory 3 w/ Payload G-5

G.9. 16-Parameter Initialized Adaptation Runs - Trajectory 3 w/ Payload G-6

G.10.16-Parameter Initialized Adaptation Runs - Trajectory 4 ........... G-6

G.11.16-Parameter Initialized Adaptation Run3 - Trajectory 4 ........... G-7

G.12.16-Parameter Initialized Adaptation Runs - Trajectory 4 ........... G-7

G.13.16-Parameter Initialized Adaptation Runs - Trajectory 5 ........... G-8

G.14.16-Parameter Initialized Adaptation Runs - Trajectory 5 ........... G-8

G.15.16-Parameter Initialized Adaptation Runs - Trajectory 5 ............ G-9

G.16.16-Parameter Initialized Adaptation Runs - Trajectory 1 .... ........ G-9

G.17.16-Parameter Initialized Adaptation Runs - Trajectory I ........... G-10

G.18.16-Parameter Initialized Adaptation Runs - Trajectory 1 ........... G-10

G.19.16-Parameter Initialized Adaptation Runs - Trajectory 1 w/ Payload G-11

G.20.16-Parameter Initialized Adaptation Runs - Trajectory 1 w/ Payload 0-11

G.21.16-Parameter Initialized Adaptation Runs - Trajectory 1 w/ Payload G-12

G.22.16-Parameter Initialized Adaptation Runs - Trajectory 6 ........... G-12

G.23.16-Parameter Initialized Adaptation Runs - Trajectory 6 ........... G-13

G.24.16-Parameter Initialized Adaptation Runs - Trajectory 6 ........... G-13

11.1. 19-Parameter Initialized Adaptation Runs - Trajectory 2 ............ 1-2

11.2. 19-Parameter Initialized Adaptation RuDs - Trajectory 2 ............ 11-2

11.3. 19-Parameter Initialized Adaptation Runs - Trajectory 2 ............ 11-3

xiv



Figure Page

H.4. 19-Parameter Initialized Adaptation Runs - Trajectory 3 .... ........ H-3

H.5. 19-Parameter Initialized Adaptation Runs - Trajectory 3 .... ........ H-4

1.6. 19-Parameter Initialized Adaptation Runs - Trajectory 3 .... ........ H-4

H.7. 19-Parameter Initialized Adaptation Runs - Trajectory 3 w/ Payload H-5

H.8. 19-Parameter Initialized Adaptation Runs - Trajectory 3 w/ Payload H-5

H.9. 19-Parameter Initialized Adaptation Runs - Trajectory 3 w/ Payload H-6

H.10.19-Parameter Initialized Adaptation Runs - Trajectory 4 .... ........ H-6

11.11.19-Parameter Initialized Adaptation Runs - Trajectory 4 .... ........ H-7

H.12.19-Parameter Initialized Adaptation Runs - Trajectory 4 .... ........ H-7

H.13.19-Parameter Initialized Adaptation Runs - Trajectory 5 .... ........ H-8

H.14.19-Parameter Initialized Adaptation Runs - Trajectory 5 .... ........ H-8

11.15.19-Parameter Initialized Adaptation Runs - Trajectory 5 .... ........ H-9

H.16.19-Parameter Initialized Adaptation Runs - Trajectory I .... ........ H-9

H.17.19-Parameter Initialized Adaptation Runs - Trajectory 1 ........... 11-10

H.18.19-Parameter Initialized Adaptation Runs - Trajectory 1 ........... H-10

11.19.19-Parameter Initialized Adaptation Runs - Trajectory 1 w/ Payload H-11

H.20.19-Parameter Initialized Adaptation Runs - Trajectory 1 w/ Payload H-11

H.21.19-Parameter Initialized Adaptation Runs - Trajectory 1 w/ Payload H-12

H.22.19-Parameter Initialized Adaptation Runs - Trajectory 6 ........... H-12

11.23.19-Parameter Initialized Adaptation Runs - Trajectory 6 ........... H-13

H.24.19-Parameter Initialized Adaptation Runs - Trajectory 6 ........... H-13

1.1. Comparison of Single Initialized Runs - Trajectory 2 ............... 1-2

1.2. Comparison of Single Initialized Runs - Trajectory 2 ............... 1-2

1.3. Comparison of Single Initialized Runs - Trajectory 2 ............... 1-3

I.t. Comparison of Single Initialized Runs - Trajectory 3 ............... 1-3

1.5. Comparison of Single Initialized Runs - Trajectory 3 ............... 1-4

1.6. Comparison of Single Initialized Runs - Trajectory 3 ............... 1-4

xv



Figure Page

1.7. Comparison of Single Initialized Runs - Trajectory 3 w/ Payload .... 1-5

1.8. Comparison of Single Initialized Runs - Trajectory 3 w/ Payload 1. -5

1.9. Comparison of Single Initialized Runs - Trajectory 3 w/ Payload 1. -6

1.10. Comparison of Single Initialized Runs - Trajectory 4 ............... 1-6

i.1. Comparison of Single Initialized Runs - Trajectory 4 ............... 1-7

1.12. Comparison of Single Initialized Runs - Trajectory 4 ............... 1-7

1.13. Comparison of Single Initialized Runs - Trajectory 5 ............... 1-8

1.14. Comparison of Single Initialized Runs - Trajectory 5 ........... 1-8

1.15. Comparison of Single Initialized Runs - Trajectory 5 ............... 1-9

1.16. Comparison of Single Initialized Runs - Trajectory 1 ............. .... 1-9

1.17. Comparison of Single Initialized Runs - Trajectory 1 ............... 1-10

1.18. Comparison of Single Initialized Runs - Trajectory 1 ............... 1-10

1.19. Comparison of Single Initialized Runs - Trajectory 1 w/ Payload .... 1-11

1.20. Comparison of Single Initialized Runs - Trajectory 1 w/ Payload .... I-11

1.21. Comparison of Single Initialized Runs - Trajectory 1 w/ Payload .... 1-12

1.22. Comparison of Single Initialized Runs - Trajectory 6 ............... 1-12

1.23. Comparison of Single Initialized Runs - Trajectory 6 ............... 1-13

1.24. Comparison of Single Initialized Runs - Trajectory 6 ............... 1-13

J.1. Comparison of Initialized Runs After Learning - Trajectory 2 ...... .... J-2

J.2. Comparison of Initialized Runs After Learning - Trajectory 2 ...... .... J-2

J.3. Comparison of Initialized Runs After Learning - Trajectory 2 ...... .... J-3

J.4. Comparison of Initialized Runs After Learning - Trajectory 3 ...... .... J-3

J.5. Comparison of Initialized Runs After Learning - Trajectory 3 ...... J-4

J.6. Comparison of Initialized Runs After Learning - Trajectory :3 ........ JA,

J.7. Comparison of Initialized Runs After Learning - Trajectory 3 w/ lPayload J-5

J.8. Comparison of Initialized Runs After Learning - Trajectory 3 w/ Payload J-5

J.9. Cornparison of Initialized Rluns After Learning - Trajectory 3 w/ layload .1-6

xvi



Figure Page

J.10. Comparison of Initialized Runs After Learning - Trajectory 4 ...... .... J-6

J.11. Comparison of Initialized Runs After Learning - Trajectory 4 ......... J-7

J.12. Comparison of Initialized Runs After Learning - Trajectory 4 ......... J-7

J.13. Comparison of Initialized Runs After Learning - Trajectory 5 ......... J-8

3.14. Comparison of Initialized Runs After Learning - Trajectory 5 ......... J-8

J.15. Comparison of Initialized Runs After Learning - Trajectory 5 ......... J-9

J.16. Comparison of Initialized Runs After Learning - Trajectory 1 ...... . ....- 9

J.17. Comparison of Initialized Runs After Learning - Trajectory 1 ......... J-10

J.18. Comparison of Initialized Runs After Learning - Trajectory 1 ...... .... J-10

J.19. Comparison of Initialized Runs After Learning - Trajectory 1 w/ Payload J-11

3.20. Comparison of Initialized Runs Afte: Learning - Trajectory 1 w/ Payload J-11

J.21. Comparison of Initialized Runs After Learning - Trajectory 1 w/ Payload J-12

J.22. Comparison of Initialized Runs After Learning - Trajectory 6 ...... .....- 12

J.23. Comparison of Initialized Runs After Learning - Trajectory 6 ......... J-13

J.24. Comparison of Initialized Runs After Learning - Trajectory 6 ...... .....- 13

K.1. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 2 K-2

K.2. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 2 K-2

K.3. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 2 K-3

K.4. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 3 K-3

K.5. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 3 K-4

K.6. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 3 K-4

K.7. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 3 w/

Payload ......... .................................... K-5

K.8. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 3 w/

Payload ......... .................................... K-5

K.9. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 3 w/
Payload ......... .................................... K-6

xvii



Figure Page

K.1O.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 4 K-6

K.11.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 4 K-7

K.12.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 4 K-7

K.13.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 5 K-8

K.14.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 5 K-8

K.15.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 5 K-9

K.16.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 1 K-9

K.17.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 1 K-10

K.18.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 1 K-10

K.19.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 1 w/

Payload ......... .................................... K-11

K.20.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 1 w/

Payload ......... .................................... K-11

K.21.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 1 w/

Payload ......... .................................... K-12

K.22.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 6 K-12

K.23.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 6 K-13

K.24.Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 6 K-13

P.1. The Effects of Trajectory 0 Tuning Parameters on Trajectories 2 and 3 P-2

P.2. The Effects of Trajectory 0 Tuning Parameters on Trajectories 2 and 3 P-2

P.3. The Effects of Trajectory 0 Tuning Parameters on Trajectories 2 and 3 P-3

P.4. The Effects of Trajectory 0 Tuning Parameters on Trajectories 4 and 5 P-3

P.5. The Effects of Trajectory 0 Tuning Parameters on Trajectories 4 and 5 P-4

P.6. The Effects of Trajectory 0 Tuning Parameters on Trajectories 4 and 5 P-4

P.7. Payload Effects on Trajectory 0 Tuning Parameters ............... P-5

P.8. Payload Effects on Trajectory 0 Tuning Parameters ............... P-5

P.9. Payload Effects on Trajectory 0 Tuning Parameters. ............ P-6

xviii



Figure Page

P.10. The Effects of Trajectory 0 Tuning Parameters on Trajectories 1 and 6 P-6

P.11. The Effects of Trajectory 0 Tuning Parameters on Trajectories 1 and 6 P-7

P..12. The Effects of Trajectory 0 Tuning Parameters on Trajectories 1 and 6 P-7

P.13.The effects on Trajectory 0 Tuning Parameters on Speed - 2 sec vs 1.5 sec P-8

P.14. The effects on Trajectory 0 Tuning Parameters on Speed - 2 sec vs 1.5 sec P-8

P.15. The effects on Trajectory 0 Tuning Parameters on Speed - 2 sec vs 1.5 sec P-9

Q.1. Comparison of Tarokh and Seraji Controllers - Trajectory 0 ....... .... Q-2

Q.2. Comparison of Tarokh and Seraji Controllers - Trajectory 0 ....... .... Q-2

Q.3. Comparison of Tarokh and Seraji Controllers - Trajectory 0 ....... .... Q-3

Q.4. Comparison of Tarokh and Seraji Controllers - Trajectory 0 w/ payload Q-3

Q.5. Comparison of Tarokh and Seraji Controllers - Trajectory 0 w/ Payload Q-4

Q.6. Comparison of Tarokh and Seraji Controllers - Trajectory 0 w/ Payload Q-4

Q.7. Comparison of Tarokh and Seraji Controllers - Trajectory 2 ....... .... Q-5

Q.8. Comparison of Tarokh and Seraji Controllers - Trajectory 2 ....... .... Q-5

Q.9. Comparison of Tarokh and Seraji Controllers - Trajectory 2 ....... .... Q-6

Q.10.Comparison of Tarokh and Seraji Controllers - Trajectory 3 ....... .... Q-6

Q.11.Comparison of Tarokh and Seraji Controllers - Trajectory 3 ....... .... Q-7

Q.12.Comparison of Tarokh and Seraji Controllers - Trajectory 3 ....... .... Q-7

Q.13.Comparison of Tarokh and Seraji Controllers - Trajectory 3 w/ Payload Q-8

Q.14.Comparison of Tarokh and Seraji Controllers - Trajectory 3 w/ Payload Q-8

Q.15.Comparison of Tarokh and Seraji Controllers - Trajectory 3 w/ Payload Q-9

Q.16.Comparison of Tarokh and Seraji Controllers - Trajectory 4 ....... .... Q-9

Q.17.Comparison of Tarokh and Seraji Controllers - Trajectory 4 ....... ... Q-10

Q.18.Comparison of Tarokh and Seraji Controllers - Trajectory 4 ......... Q-10

Q.19.Comparison of Tarokh and Seraji Controllers - Trajectory 5 ......... Q-11

Q.20.Comparison of Tarokh and Seraji Controllers - Trajectory 5 ....... ... Q-11

Q.21.Comparison of Tarokh and Seraji Controllers - Trajectory 5 .......... Q- [2

xix



Figure Page

Q.22.Comparison of Tarokh and Seraji Controllers - Trajectory 1 ....... .... Q-12

Q.23.Comparison of Tarokh and Seraji Controllers - Trajectory 1 ....... .... Q-13

Q.24.Comparison of Tarokh and Seraji Controllers - Trajectory 1 ........ ... Q-13

Q.25.Comparison of Tarokh and Seraji Controlleiz - Trajectory 1 w/ Payload Q-14

Q.26.Comparison of Tarokh and Seraji Controllers - Trajectory 1 w/ Payload Q-14

Q.27.Comparison of Tarokh and Seraji Controllers - Trajectory 1 w/ Payload Q-15

Q.28.Comparison of Tarokh and Seraji Controllers - Trajectory 6 ....... ... Q-15

Q.29.Comparison of Tarokh and Seraji Controllers - Trajectory 6 ....... ... Q-16

Q.30.Comparison of Tarokh and Seraji Controllers - Trajectory 6 ....... .... Q-16

R.1. Comparison of MBAIC and SMBC Controllers - Trajectory 0 ...... .t.. R-2

R.2. Comparison of MBAIC and SMBC Controllers - Trajectory 0 ....... R-2

R.3. Comparison of MBAIC and SMBC Controllers - Trajectory 0 ........ R-3

R.4. Comparison of MBAIC and SMBC Controllers - Trajectory 0 w/ payload R-3

R.5. Comparison o" MBAIC and SMBC Controllers - Trajectory 0 w/ Payload R-4

R.6. Comparison of MBAIC and SMBC Controllers - Trajectory 0 w/ Payl.)ad R-4

R.7. Comparison of MBAIC and SMBC Controllers - Trajectory 2 ...... . 1.. R-5

R.8. Comparison of MBAIC and SMBC Controllers - Trajectory 2 ...... .P.. R-5

R.9. Comparison of MBAIC and SMBC Controllers - Trajectory 2 ...... .1.. R-6

RO.10.Comparison of MBAIC and SMBC Controllers - Trajectory 3 ...... R-6

R.!l.Comparison of MBAIC and SMBC Controllers - Trajectory 3 ...... . .. R-7

l.12.Comparison of MBAIC and SMBC Controllers - Trajectory 3 ...... .I.. R-7

R.13.Comparison of MBAIC and SMDC Controllers - Trajectory 3 w/ Payload R-8

R.14.Comparison of MBAIC and SMBC Controllers - Trajectory 3 w/ Payload R-8

R.15.Comparison of MBAIC and SMBC Controllers - Trajectory 3 w/ Payload R-9

R.Iu.Cumparison of MBAIC and SMBC Controllers - Trajectory 4 ...... .1.. R-9

R.17.Comparison of MBAIC and SMBC Controllers - Trajectory 4 ...... ... R-10

R.18.Cornparison of MBAIC and SMBC Controllers - Trajectory 4 ........ RAO

xx



Figure Page

R.19.Comparison of MBAIC and SMBC Controllers - Trajectory 5 ...... 12-11

R.20.Comparison of MBAIC and SMBC Controllers - Trajectory 5......... R-ll

R.21.Comparison of MBAIC and SMBC Controllers - Trajectory 5 ...... R-12

R.22.Comparison of MBAIC and SMBC Controllers - Trajectory 1 ........ R-12

R.23.Comparison of MBAIC and SMBC Controllers - Trajectory 1 ...... R-13

R.24.Comparison of MBAIC and SMBC Controllers - Trajectory 1 ...... R-13

R.25.Comparison of MBAIC and SMBC Controllers - Trajectory 1 w/ Payload R-14

R.26.Comparison of MBAIC and SMBC Controllers - Trajectory 1 w/ Payload R-14

R.27.Comparison of MBAIC and SMBC Controllers - Trajectory 1 w/ Payload R-15

R.28.Comparison of MBAIC and SMBC Controllers - Trajectory 6 ...... ...- 15

R.29.Comparison of MBAIC and SMBC Controllers - Trajectory 6 ...... ...- 16

R.30.Comparison of MBAIC and SMBC Controllers - Trajectory 6 ........ .- 16

S.1. Comparison of MBftC and AMBC Controllers - Trajectory 2 ..... S-2

S.2. Comparison of MBAIC and AMBC Controllers - Trajectory 2 ..... S-2

S.3. Comparison of MBAIC and AMBC Controllers - Trajectory 2 ..... S-3

S.4. Comparison of MBAIC and AMBC Controllers - Trajectory 3 ..... S-3

S.5. Comparison of MBAIC and AMBC Controllers - Trajectory 3 ..... S-4

S.6. Comparison of MBAIC and AMBC Controllers - Trajectory 3 ..... S-4

S.7. Comparison of MBAIC and AMBC Controllers - Trajectory 3 w/ Payload S-5

S.8. Comparison of MBAIC and AMBC Controllers - Trajectory 3 w/ Payload S-5

S.9. Comparison of MBAIC and AMBC Controllers - Trajectory 3 w/ Payload S-6

S.10. Comparison of MBAIC and AMBC Controllers - Trajectory 4 ..... S-6

S.11. Comparison of MBAIC and AMBC Controllers - Trajectory 4 ..... S-7

S.12. Comparison of MBAIC and AMBC Controllers - Trajectory 4 ..... S-7

S.13. Comparison of MBAIC and AMBC Controllers - Trajectory 5 ..... S-8

S.14. Comparison of MBAIC and AMBC Controllers - Trajectory 5 ..... S-8

S.15. Comparison of MBAIC and AMBC Controllers - Trajectory 5 ..... S-9

xi



Figure Page

S.16. Comparison of MBAIC and AMBC Controllers - Trajectory 1 ..... S-9

S.17. Comparison of MBAIC and AMBC Controllers - Trajectory 1 ..... S-10

S.18. Comparison of MBAIC and AMBC Controllers - Trajectory 1 ..... S-10

S.19. Comparison of MBAIC and AMBC Controllers - Trajectory i w/ Payload S-11

S.20. Comparison of MBAIC and AMBC Controllers - Trajectory 1 w/ Payload S-11

S.21. Comparison of MBAIC and AMBC Controllers - Trajectory 1 w/ Payload S-12

S.22. Comparison of MBAIC and AMBC Controllers - Trajectory 6 ..... S-12

S.23. Comparison of MBAIC and AMBC Controllers - Trajectory 6 ..... S-13

S.24. Comparison of MBAIC and AvIVBC Controllers - Trajectory 6 ..... S-13

xxii



List of Tables

Table Page

2.1. Seraji's Design Parameters ..... ............................ 2-11

2.2. Tarokh's Design Parameters for Simulations and Experimental Results 2-14

3.1. Test Trajectories ........ ............................... 3-5

3.2. Learned Parameter Values - Trajectory 1 ..... ................. 3-13

4.1. Tarokh's Design Parameters ...... ......................... 4-1

4.2. Design Parameters Selected During Tuning Tarokh's Algorithm . . .. 4-10

4.3. Seraji's Design Parameters ....... ......................... 4-13

5.1. MBAIC Tuning Parameters ................................ 5-1

L.1. Learned 13-Parameter Values - Trajectory 1 ..... ............... L-1

L.2. Learned 13-Parameter Values - Trajectory 3 ..... ............... L-2

L.3. Learned 13-Parameter Values - Trajectories 2 and 4 ............... L-2

L.4. Learned 13-Parameter Values - Trajectories 5 and 6 ............... L-3

M.1. Learned 16-Parameter Values - Trajectory 1 ..... ............... M-1

M.2. Learned 16-Parameter Values - Trajectory 3 ..... ................ M-2

M.3. Learned 16-Parameter Values - Trajectories 2 and 4 ........... M-2

M.4. Learned 16-Parameter Values - Trajectories 5 and 6 ............... M-3

N.1. Learned 19-Parameter Values - Trajectory 1 ..... ............... N-i

N.2. Learned 19-Parameter Values - Trajectory 3 ..... ............... N-2

N.3. Learned 19-Parameter Values - Trajectories 2 and 4 ............... N-3

N.4. Learned 19-Parameter Values - Trajectories 5 and 6 ............... N-4

0.1. Learned Parameter Values - Trajectory I ..... ................. 0-1

XXlii-i



Table Page

0.2. Learned Parameter Values - Trajectory 1 with payload .... ......... 0-2

0.3. Learned Parameter Values - Trajectory 2 ..... ................. 0-3

0.4. Learned Parameter Values - Trajectory 3 ..... ................. 0-4

0.5. Learned Parameter Values - Trajectory 3 with payload .... ......... 0-5

0.6. Learned Parameter Values - Trajectory 4 ..... ................. 0-6

0.7. Learned Parameter Values - Trajectory 5 ..... ................. 0-7

0.8. Learned Parameter Values - Trajectory 6 ..... ................. 0-8

xxiv



AFIT/GE/ENG/91J-05

Abstract

Two robust model-based controllers and two decentralized adaptive controllers are

experimentally evaluated. Algorithm evaluation is motivated by the need for controllers

with good high speed tracking under varying payload conditions. The test case is a PUMA-

560 robotic manipulator operating over the standard test suite.

The model-based controllers are made robust by the addition of either an auxil-

iary input term or an adaptive feedforward compensator based on Lyapunov Theory. The

model-based auxiliary input controller (MBAIC) adapts the gain matrices used in comput-

ing an additional torque to be combined with model-based feedforward and PD feedback

torques. The adaptive model-based controllers adapt the assessment of the manipulator

parameters used in calculating feedforward torque.

The decentralized adaptive controllers are based on either Lyapunov stability or

Popov hyperstability. These controllers calculate feedforward, feedback, and auxiliary

torques based on trajectory errors and desired trajectory parameters. The gain matrices

used to multiply these quantities are adapted. These auxiliary torque components are

identical to those used in the MBAICs.

Experimental evaluation provides insight into the potential and limitations of each

method. The decentralized digital adaptive control algorithms produce an unsatisfactory

tracking response. Both model-based control techniques improve the manipulator's track-

ing response.
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INVESTIGATION OF ADAPTIVE CONTROLLERS

FOR PUMA TRAJECTORY TRACKING

L Introduction

1.1 Motivation

The United States Air Force proposes using robotic manipulators to replace humans in

hazardous or hostile environments. Robotic telepresence and aircraft refueling applications

will require a manipulator with the ability to emulate the performance od1 a human arm.

These manipulators must be able to track high-speed trajectories under a vaiety of payload

conditions. Research on alternative robotic control methods must be expanded. Current

control methods need to be more fully explored and tuned to derive optimum performance

from specific manipulators.

1.2 Problem Statement

A robot is commanded to follow a desired trajectory by its control algorithm. Current

industrial applications use controllers employing Proportional Derivative (PD) or Propor-

tional Integral Derivative (PID) methods for applications where payloads and trajectories

are fixed [6]. These controllers, which feed back the measured errors in an effort to com-

pensate for disturbances produced by unmodeled robot dynamics, are designed based on

the assumption that the robot dynamics are modeled by a series of linear second-order

systems [8]. PD and PID controllers perform adequately when the distuibances are small.

Robot's dynamics models can not be assumed linear under conditions of variable manip-

ulator speed. Varying payloads violate the assumption of a constant model [15]. Under

either of these two conditions, precomputed constants for PD or PID controllers become

invalid and cannot provide the desired level of trajectory tracking accuracy [15].
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1.3 Research Objective

An area of active research is the development of adaptive control algorithms that

account for the nonlinear dynamics inherent in a robotic manipulator [12, 13, 17, 19]. A

basic form of adaptive control is the model-based approach. In model-based control, the

controller adapts to changes in robot configurations (speed and trajectory). Experimen-

tal evaluations have demonstrated the potential for model-based techniques to improve

high-speed trajectory tracking accuracy [1, 7, 9]. Unknown payload variations reduce the

effects of these control schemes [9]. Control algorithms that incorporate knowledge of ma-

nipulator system dynamics and are robust and/or adapt to variations in those dynamics

caused by model inaccuracies, payload variation, and environmental interaction will be

required [11]. Control algorithms that are independent of the dynamics model are also un-

der consideration [20, 22, 23]. These specific algorithms are decentralized or independent

of joint-to-joint interaction. The objective of this research is to continue evaluation of an

adaptive model-based control algorithm and to investigate decentralized digital adaptive

control techniques.

1.4 Method of Approach

As part of the Air Force Institute of Technology (AFIT) Robotics Laboratory's Gross

Motion Control Program, this thesis investigated three different types of control algorithms:

Adaptive Model-Based Control (AMBC), decentralized adaptive control, and Model-Based

Auxiliary Input Control (MBAIC).

The comparisons and experimental evaluations performed during this thesis were

conducted under the AFIT Robotic Control Algorithm Development and Evaluation (AR-

CADE) environment., ARCADE is hosted on a VAXstation III and has both serial and

parallel connections to the PUMA computer bus. The ARCADE environment is discussed

further in Chapter 3. The PUMA-560 manipulator environment is chosen because any al-

gorithm that performs well on a PUMA should work even bettcr on a morc modern design

[11]. Plots of the trajectory errors will be produced to display the error data collected.
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The AMBC controller is based on the robot's dynamics model. The strength of

an AMBC controller is its ability to alter the robot's manipulator parameters to improve

tracking response. Repeating the same trajectory several times, and allowing the controller

to retain previously computed parameters, is referred to as learning. A nominal approx-

imation of these parameters may be used to start the controller (the controller would be

initialized), or the parameters could be set to zero (uninitialized). The AMBC controller

had already been implemented and evaluated in-house [12, 13]. This software was modified

to include static friction parameters in an attempt to improve initial and endpoint errors.

The dynamics model was rearranged to test the importance of friction compensation. All

three implementations of the AMBC controller were evaluated for single-run trajectories

and learning tests using initialized and uninitialized parameters.

Decentralized adaptive control algorithms are independent of the robot dynamics

model. All matrices used in calculating control torques are diagonal to eliminate inter-

joint dependence (thus the term "decentralized"). Seraji's Lyapunov-based decentralized

digital adaptive controller was implemented by Leahy [20, 10]. New software subroutines,

based loosely on this code, were written to test Tarokh's hyperstability-based algorithm.

These controllers use the products of adaptive matrices and desired trajectory components

or position errors to calculate feedback, feedforward, and auxiliary torques. After tuning,

Tarokh's controller was evaluated for trajectory and payload independence. The test results

were also compared to Leahy's work on Seraji's controller [10].

Model-Based Auxiliary Input Controllers combine he dynamics model of the AMBC

algorithm with the Auxiliary Torque of decentralized adaptive controller. The model-

based feedforward torque is computed from desired trajectory components. The controller

uses PD feedback torques. Leahy implemented and tested a Seraji-Based MBAIC [10]. A

Tarokh-based MBAIC was constructed, tuned, tested, and compared to Leahy's work.

All tests were conducted over a proposed set of standard trajectories that excite all

the PUMA dynamics and allow a rigorous test of algorithm performance [13]. All of the

trajectories were traversed under no-load conditions. Motor saturation constraints limited

the range of payload testing available. Some of the test trajectories were run with a 2

kilogram brass disk attached to the robot's end effector. The mounting of this simiple pay-
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load on the end-effector was an adequate approximation of the very real task of robot tool

changing and covered a large subset of the payload adaptation tasks required for a robot to

emulate human arm performance. The payload was heavy enough to produce a significant

degradation in algorithm performance without driving the motors into saturation [10].

1.5 Accomplishments

Evaluations of an existing 16-parameter Adaptive Model-Based Controller (AMBC)

[13] demonstrated that the addition of three static friction parameters would not improve

system response to a wide variety of trajectory and payload conditions. A 13-parameter

AMBC controller that concentrated heavily on friction compensation did not provide suf-

ficient tracking capability but showed the inability of an AMBC to maintain tracking

accuracy when it adapts parameters with incorrect signs.

Examination of two decentralized adaptive control algorithms [20, 22] revealed their

limitations and unsuitability for gross motion control applications. This was AFIT's initial

examination of Tarokh's decentralized adaptive controller and the second glance at Seraji's.

However, Model-Based Auxiliary Input Controllers showed promise. These controllers are

based on the auxiliary torque components derived from the decentralized controllers and

an SMBC controller. The MBAIC controller is simple to implement, relatively easy to

tune, and provide tracking comparable to AMBC controllers. The MBAIC needs to be

examined further to investigate potential uses.

1.6 Organization

The remainder of this thesis is presented in five chapters. Chapter 2 presents a litera-

ture review of adaptive model-based control schemes and decentralized adaptive control al-

gorithmis currently under investigation at the Air Force Institute of Technology. Chapter 3

discusses the tuning, testing, and analysis of the adaptive model-based control algorithm.

Cha'ptel 4 tovel the tuning, tLetilig, and analyi of tie decenti alized adaptive control al-

gorithms. Chapter 5 covers the tuning, testing, and analysis of the Model-Based Auxiliary

Input Control algorithmins Finally, Chapter 6 presents conclusions and recommendations

for further research.
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II. Literature Review

2.1 Introduction

This chapter is divided into two main sections. First, model-based robotic control is

discussed as a prelude to examining an adaptive model-based control algorithm that has

demonstrated its effectiveness in previous in-house evaluations [11, 12, 13]. The second

portion of this chapter explores two decentralized adaptive control algorithms [20, 22, 23].

One controller is based on Lyapunov stability criteria whil, the other is formulated using

Popov hyperstability theory. These decentralized algorithms are independent of robot

dynamics models.

2.2 Adaptive Model-Based Control Algorithm

2.2.1 Model-Based Control. A dynamics model of the robot manipulator must be

developed in order to use model-based control techniques. Ignoring motor dynamics the

equations of motion may be written in vector form as [4, 18]:

r(t) = H(0)b + C(o,b) + G(O) (2.1)

whe-e:

n is the number of degrees of freedom of the robot manipulator

0, 0, 0 are n-dimensional vectors of joint positions, velocities, and accelerations

Tm(t) is an n-dimensional vector of joint motor torques

H(O) is the n x n symmetric positive-definite inertia matrix

C(O, 0)0 is an n-dimensional vector of centripetal and Coriolis torques

G(O) is an n-dimensional vector of gravity torques

The end result of model-based control is to obtain an equation of the form:

-(t) = Tff + Tfb (2.2)
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with:

,rff = feedforward compensation torques

rfb = feedback compensation torques

The right-hand side of Equation (2.1) develops the feedforward torques which may

be expressed by:

rf = fi(O)o + C(0, 6)b + 6(0) (2.3)

where ^ denotes modeled values. The feedforward torque may also be denoted by a re-

gressor formulation which defines the torque as a function of a linear parameter vector

ff = Y(0,0, 6)i (2.4)

The ft, 4C, and (G terms are expressed in terms of the parameter vector and combined to

form the regressor matrix Y. The modeling attributed to the H, C, and G matrices is

transferred to the manipulator parameters.

The feedback torques are:

Tf b = K, + Kpe (2.5)

where

6 is the joint velocity error, 0 d -

e is the joint position error, Od - 0

Od, 0 d are n-dimensional vectors of desired joint positions and velocities

K,, Kp are diagonal n x n matrices of velocity and position feedback loop gains

The ideal situation, arrived at by substituting Equations (2.3) and (2.5) into Equation

(2.2), equating the result to Equation (2.1) and assuming that the modeled values are equal

to the actual values, is denoted by:

+ K...6 + K~e = 0 (2.6)
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Equation (2.6) states that, with the appropriate Kp and K, values, the model-based con-

troller uniformly rejects errors over the manipulator's entire trajectory. This equivalence

assumption of modeled and actual values ignores uncertainties that arise from time varia-

tions in the robot's transfer function produced by the operating environment, component

variation due to wear, and manufacturing irregularities [8].

2.2.2 Adaptive Model-Based Control. Uncertainties in the dynamics model, Equa-

tion (2.3), are passed on to the model-based controller as disturbances. The controller

can maintain good high-speed tracking performance in the presence of small disturbances.

Unknown payload parameters cause degradation of the controller's performance. Some

adaptive control algorithms estimate full dynamics feedforward torque compensation, with

unknown manipulator and payload parameters, on line. These algorithms may be supple-

mented by PD feedback torques. Adaptive control schemes based on Lyapunov stability

theory have been developed by Sadegh and Horowitz [19], Slotine and Li [21], and others

[17, 24].

For this discussion, motor dynamics were ignored to facilitate the presentation. Dur-

ing the actual implementation they must be considered. After defining a control law of:

T = H(O)O + (O, b)Obd + G(0) + Kp + Ke (2.7)

= Y(O, b, 0d, 0d)±i + Kp, + EIe (2.8)

Slotine and Li derive an adaptive control algorithm from a Lyapunov stability analysis

[21]. They used a Lyapunov function candidate of:

V(t) = 6('TH(O)& + fiiri + eT Ke) (2.9)
2

where:

r is a symmetric positive-definite matrix (usually diagonal)

a is the vector of manipulator parameter estimates

a = a(t) - a is the parameter estimation error vector
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Differentiating Equation (2.9) and using the property of skew symmetry described in

[21] to eliminate the le (IHI - 2C)6 term yields:

=(t) = - H(0)0d - C(OO)0d - G(0) - Kpe + &tTra (2.10)

= 6T[- Y(O,O, Od, )a- Kpe]+ i Tra (2.11)

After substituting Equation (2.7) for 7- and defining:

H(o) = fi(o) - H(0)

0(oo) = ,(oo) - 0(oo)

6(0) = 6(0)- G(0)

the derivative equation (Equation (2.10)) becomes:

V(t) = K6 - T[fI(O)6d + 0(0, b)Od + 0(0)] + 'Tra (2.12)

= --6T K - b y(0, 0, Od, Od)i + ara (2.13)

Transposing all the elements in the second term of the right-hand side of Equa-

tion (2.13) and combining the last two terms leads to:

K(t) = -bK + a - y T (0, 0, 0d, 0d)61 (2.14)

For Lyapunov stability to hold V(t) must be zero or negative [21]. Knowing that K,

is defined as positive definite, then setting:

- y T(0, 0, bd, Od)e = 0 (2.15)

leaves:

V(t) = -6 T K,6 < 0 (2.16)

and the system is stable.
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Rewriting Equation (2.15) to solve for the unknown vector a results in:

I = r-ly(o,o,o,') (2.17)

Since a is constant, a = a, and we have an equation for determining an accurate model for

TII.

2.2.3 Experimentation Algorithm. The model-based algorithm for the output torque

used by Leahy and Whalen [13], adapted from Sadegh and Horowitz [19], contains an aux-

iliary input, rax, plus feedforward and feedback terms. It is:

Ir = T f f + Tf b + Tax (2.18)

The feedback portion of the control law is:

rf b = K,[(Od - 0) + A(Od - 0) (2.19)

where A is a constant matr;x with eigenvalues in the right-half comple.- plane. Feedback

torque is related to Equation (2.16), which was Slotine and Li's expression for Lyapunov

stability. A is selected to be Kp/KV in order to implement PD feedback as expressed in

Equation (2.5).

The feedforward component of this equation is broken down into two parts to allow

for precalculation and off-line storage of the feedforward torques that are functions of

the known parameters, i,, and desired joint positions, velocities, and accelerations. The

divided equation is:

-fl = Y(Od,bdOd)

= Y1(Od,Od,Oa). + Y2(0d,Od,Od)in (2.20)

The selection of Equation (2.7) as the control law allows the cancellation of terms

associated with the known manipulator parameters, leaving only the unknown parameters

to be estimated by t. The regressor matrix does not deped on the actual manipulator
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acceleration, but on the velocity and acceleration of the desired trajectory [17], which

eliminates sensitivity problems that may be induced by imprecise measurements if on-ine

measurements of manipulator acceleration were available [21].

The regressor matrix differs from Slotine and Li's version because it is only depen-

dent on desired trajectory components, not a combination of actual and desired tra-

jectory attributes. The feedforward torque component based on known components,

Y2(Od, bd,'Od)-n, may be precomputed and stored off-line. The portion of the regres-

sor associated with the unknown parameters, Yl(Od, Od,'Od), can also be precomputed.

This approach leads to a reduction in the number of on-line calculations which permits

the use of an increased sampling rate [16]. The main advantage of using desired trajectory

quantities is that the noisy measurements of actual velocity and acceleration are avoided.

Other advantages afforded by adaptive model-based algorithms are increased robustness

and the capability of the manipulator to "learn" in the case of repetitive tasks.

The parameter adaptation for evaluating the unknown manipulator parameters on

line was accomplished through the use of a Desired Compensation Adaptation Law (DCAL).

Sadegh and Horowitz's simulations [19] and experimental results [16] show that the use of

a DCAL allowed their manipulator to maintain stability and retain parameter convergence

in the presence of noise and a constant adaptation signal. The adaptation law is:

= Ir-YT(Od,0d, d)[(d -0) + A(Od - 0)] (2.21)

This adaptation equation is nearly the same as Equation (2.17), except for the addition of

the weighted position error term A(Od - 0). This regressor matrix, Y, which contains only

desired trajectory components, can be precalculated and stored off-line. As in the case of

the precomputed feedforward torques, using a regressor matrix based on desired trajectory

values enhances robustness and avoids noise corruption of Lhe error and adaptation signals.

The auxiliary torque term provides compensation for additional errors introduced by

modifying the adaptive controller [19]. The auxiliary torque, when used, is evaluated by:

Taxo-= UnleI2[(d - 0) + A(Od - 0)A (2.22)
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This function was set to zero [13] since the small errors anticipated from using this algo-

rithm make this torque component insignificant.

2.2.4 Friction Models. Several authors [19, 11, 17] note the importance of friction in

the manipulator dynamics model. The different types of friction are viscous, Coulomb, and

static friction [8]. Viscous friction, -r(t), is characterized as a linear relationship between

applied force and velocity. Coulomb (or running) friction, re(t), has a constant amplitude

with its sign dependent on the sign of the velocity. Static friction, r3 (t), is the resistance to

initial motion which vanishes with the onset of movement. The sign of the static friction

term is such that the force opposes motion. These forces are defined respectively by [8]:

r,(t) = BO(t) (2.23)

r,(t) = rTsgn(O) (2.24)

-r(t) = _r=o  (2.25)

The static friction term has also been expressed as a constant times an exponential

term [2, 3]. Canudas de Wit and Seront use Tustin's model to express the overall friction

model as [5]:

T(0) = [ao + aie - ' ° 110 + a21Ollsgn(O) (2.26)

The terms a0 , a,, and a2 correspond to the r,, Ts, and B respectively from the previ-

ous definitions. The exponential term allows for the static friction term to be a rapidly

decreasing function rather than a spike. The term r0 is the lubricant coefficient which is

between 20 and 60 for most materials. These authors suggest using 40 for the lubrication

coefficient.

Friction has a significant effect on the performance on many robotic manipulators,

especially those with gear reduction. Friction compensation is a challenge because its

functional dependence on the joint variables is difficult to model [17]. Leahy and Whalen

state that their adaptive algorithm benefits friom its ability to adapt Coulomb and viscous

friction terms [12]. This adaptation is shown to reduce the tracking errors on both ends

of their test trajectories where velocity is low and friction and gravity ternis dominate the
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dynamics. Additional friction compensation compensation in the low velocity regions of the

trajectory may further reduce tracking errors. The friction component that is unmodeled

by both Sadegh and Horowitz [19], and Leahy and Whalen [13], is static friction.

2.3 Decentralized Digital Adaptive Control

2.3.1 Introduction. Conventional industrial controllers are based on independent

joint controllers where each individual joint is controlled by a simple position servo-loop

with predefined gains. This method is inadequate for applications involving precise tracking

of fast trajectories under uncertain payload conditions [10, 20]. Control systems proposed

to handle these operating conditions include model-based and performance-based meth-

ods. 2erformance-basd methods do not involve the use of the complex mathematical

manipul ,tor dynamics model in the foimulation of the control law.

2.3.2 Lyapunov-Based Decentralized Adaptive Control. Seraji proposed a simple

Lyapiwiov-based decentralized adaptive independent joint control technique [20]. This

technique does not reqire any knowledge of the manipulator dynamics model, model

parameters, or payload parameters..

'rhe coupled manipulator dynamics model needs to be massaged to develop a decen-

tralized control scheme. Seraji's dynamics model is [20]:

T = H(0)0 + C(0, 0)0 + G(0) + S(0) (2.27)

where:

T(t) is the n x 1 vector of applied joint torques

S(b) is the n x I frictional torque vector

This model can be broken down into scalar differential equations of the form:

n

T,(t) = hii(O)9i(t) + h, (o)0A(t) + C#(O, + M2(O) + '50) (2.28)

32A,
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where i denotes the ith element through the nth joint and the lower case letters h, c, g, s are

the individual joint variables of the quantities represented by the same upper case letters.

This model is equivalent to:

T h(t) r- hi(0)&(t) + di(0, 0) (2.29)

where:

n

d(O,,) = h(),(t) + c (O, 9)9 + gi(o) + S(9 (2.30)

Now each joint is modeled by an input-output dynamic equation with the joint torque

T, as the input, the joint angle Oi as the output, and di treated as a disturbance torque.

From the system viewpoint, the term d, represents the coupling between the ith joint and

other joints and nonlinear dynamics. The joint control laws are restricted to be decentral-

ized, meaning that each controller operates on only its own joint with no interchange of

information between joints., In other words, the decentralized manipulator control prob-

lem is to design a set of independent joint controllers in which the ith controller generates

the joint torque T,(t) by acting only on the joint angle trajectory Oi(t) and the desired

trajectory Od(t), and ensures that 9,(t) tracks Od(t) asymptotically. Seraji's proposed de-

centralized controller is [20]:

T(t) = f,(t) + [kio(t)e,(t) + kil(t)6i(t)] + [qio(t)Od,(t) + q,1(t)Od,(t) + q,2(t)Od,(t)] (2.31)

where, for each individual joh:at:

Odi(t) is the desired trajectory,

0,(t) is the joint angle trajectory, and

e,(1) is the joint tracking error, Od,(t) - 0,(t).

This control law has three distinct components:

1. The auxilary signal, f,(t), partially compensates for d,(t) and improves tracking
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2. The term [kio(t)e,(t)+ki1(t)6i(t)] is the adaptive position-velocity feedback controller.

The gains, kio(t) and kil(t), are adjustable.

3. The term [qio(t)Odi(t) + qii(t)Odi(t) + qi2(t)Odi(t)] is the adaptive position-velocity-

accelerator feedforward controller. Its gains, qio(t), qil(t),and qi2(t), are also ad-

justable.

Equation (2.31) can be rewritten as:

1 2

Ti(t) = fi(t) + kij(t)elj)(t) + E qi3 (t)Od() (2.32)
j=O j=O

where the superscripts denote derivatives with respect to time. The controller adaptation

laws are based on the weighted error r,(t) as follows:

weighted error:

ri(t) = wpiei(t) + wv,,(t) (2.33)

auxiliary signal:

fA(t) = A (0) + 61 ri(t)dt + pijr(t) (2.34)

feedback gains:

kij(t) = kij(O) + aij ''i(t)e(')(t)dt + flip-i(t)ei )(t) j = 0, 1 (2.35)

feedforward gains:

q(t) .qi() + ij t)o)(t)dt + A,,,(t)Oj)(t) j = 0, 1,2 (2.36)

where { , a3,7y,3} are any positive scalar integral adaptation gains, {p,, A,3, ,} are zero

or any positive scalar proportional adaptation gains, and {wJ, wr,} are positive scalar

weighting factors demonstrating the relative magnitudes of the position and velocity errors

used in forming the weighted error.

This decentralized controller, consisting of several independent joint controllers, is

purported to have advantages over a single centralized controller foi the entire inanipu-

2-10



lator [20]. The decentralized controller is more computationally efficient. For an n-joint

manipulator, the decentralized controller computes 6n adaptive gains each sample period

versus 5n2+ n adaptive gain computations for a centralized controller. System performance

could be further enhanced by employing n simple and fast microprocessors for parallel pro-

cessing and distributed computing. A second attribute of this control scheme is reliability

and fault tolerance. Erroneous joint position readings from a joint encoder would affect

the entire structure of a centralized controller but only one joint of the decentralized sys-

tem. A limitation of the decentralized controller is the possibility of tracking errors caused

by the absence of complete inter-joint coupling compensation. The decentralized adaptive

control algorithm accepts this deficiency as pe rt of the trade-off in attaining computational

simplicity, fault tolerance, and robustness.

Seraji's experiments were conducted on a PUMA-560 industrial robot over a single

three joint trajectory from (00, 0', 00) to (60', -60', 60') in 3 seconds [20]. His exper-

imental results did not address the issues of trajectory or payload independence using

the decentralized control algorithm. Seraji's design parameters, contained in Table 2.1,

reduced the control torque to:

T(t) = f(t) + ko(t)e(t) + kl(t)6(t) (2.37)

which uses only the auxiliary and feedback torque components available. The proportional

pieces of the f, ko, and ki adaptive matrices, pr, 30 re, and fOlre respectively, were also

Table 2.1. Seraji's .)esign Parameters

Auxiliary terms: bi = [50,50,50] p = [0,0,0]
Feedback terms: Oo = [100,100,100] /3io = [0, 0, 0]

a,, = [800,800,800] i = [0,0,0]
Feedforward terms: ^/to = [0, 0, 01 Ao - [0, 0, 0]

%1 = [0,0,0] Ail [0, 0, 01

^/t2= (0, , 0o 1 1 Ai\ [0, 0, u]

Weighted error terms: w , = [30,40, 12] WV, - [20, 20,4]
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omitted. Leahy [10] further evaluated this algorithm using Seraji's design parameters and

initial cond'itions over a trajectory of (-50*, -135*, 1350) to (450, -850, 30° ) in 1.5 seconds

to excite all of the PUMA's dynamics. Manipulator performance was degraded. Leahy

concluded that this control scheme's performance is heavily dependent on accurate initial

compensation of static dynamic forces and the position gain adaptation properties of the

algorithm are minimal.

Tarokh developed another decc ntralized control scheme based on Popov hyperstability

theory. Hyperstability theory is used to enhance design flexibility. Tarokh's controller is

discussed in the next section.

2.3.3 Discrete-Time Adaptive Control. Tarokh developed a discrete-time adaptive

control algorithm employing Popov hyperstability [22, 23]. The dynamics model, similar

to Equation (2.27), is written as:

u(t) = B 2 (0, 0, rn)6 + B1 (0, 0, m)b + Bo(O, b, m)O (2.38)

where u(t) is the nx 1 torque vector and B 2(.), B1(.), and Bo(.) are matrices with elements

that are nonlinear functions of payload mass, m(t), and manipulator joint position and

velocity.

The dynamics model can be further reduced to Equation (2.39) by realizing that

B2, B 1, and B0 are time varying matrices and then discretized to form Equation (2.40)

with a sample period T:

u(t) = B 2(t)O(t) . B 1(t)b(t) ± Bo(t)O(t) (2.39)

u(k) = A 2(k,T)O(k -2) + Ai(k,T)O(k - 1) + Ao(k,T)O(k) (2.40)

Assuming a constant sample period and using a discretized joint error vector definition

of 0e(k) =- O(k) - O(k) allows Equation (2.40) to take on the form:

Ao(k)O(k) = -u(k) - AI(k)Oe(k - 1) - A 2(k)0,(k - 2) + Ao(k)Od(k)

+ AI(k)O,(k - 1) + A 2(k)Od(k - 2) (2.41)
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Equation (2.41) suggests that, in order to influence the joint angle error 0, completely,

you need a control law of the general form:

u(k) = Pl(k)Oe(k - 1) + P 2(k)Oe(k - 2) + Qo(k)Od(k) + Ql(k)Od(k - 1)

+ Q2 (k)Od(k - 2) + ,1(k) (2.42)

where Pi(k) and P 2(k) are time-varying matrices which develop the feedback torque based

upon joint angle errors and Qo(k), QI(k), and Q2(k) are time-varying matrices which,

when multiplied by the desired trajectory positions, produce the feedforward torques. The

last quantity, 77(k), is an auxiliary signal added to enhance adaptation.

Tarokh utilized Popov hyperstability to ensure that the adaptation error asymptot-

ically approached zero. A complete derivation is in [22, 23]. Stability conditions were

satisfied by using proportional plus integral adaptation laws to derive the gain matrices

for the ith joint. The matrices needed to compute the control torques are developed from:

Pmi(k) = Pli(k - 1) + 0,,(k)Oej(k - 1)E1pi

+ 9,,(k - 1)0oi(k .- 2)[Eli - Elpi] (2.43)

P2i(k) = P2 ,(k - 1) + Oe,(k)Oi(k - 2)E2pi

+ 'i i(k - 1)0,,(k - 3)[E 21 , - E 2pA] (2.44)

Qoi(k) = Qo,(k - 1) + Oe,(k)Odi()FoRPi

+ o,(k - 1)Od,(k - 1)[Foi, - JpPl] (2.45)

Q1 i(k) = Ql,(k - 1) + Oi(k)Odi(k - l)F1 pi

+ do (k - 1)0di(k - 2)[F 1 , - F,1p] (2.46)

Q 2,(k) = Q2 i(k - 1) + 0.i(k)Odi(k - 2)F 2 p,

+ O, (k - 1)Od,(k - 3)[F2I, - F2Pi] (2.47)

r1i(k) = i7,(k - I) + 3p, 9.,(k) + (/31, -/3,,)9 ,(k - 1) (2.48)

j ,(k) = r2 iO,,(k - 1) + ,':,Oe,(k)

7'2 =ryAi1A2z(Ai, + A..")

r3i = ,(1 + 1A1,.\ 2,)
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Table 2.2. Tarokh's Design Parameters for Simulations and Experimental Results

Computer Simulation Experimental Results
Feedback terms: E1 p = 01 E 2p = 0I Elp = 01 E 2p = 01

Eli = 31 E 2 1 = 31 Ei = 21 E 2 1 = 21
Constants: a, = 200 a 2 = 100 Not Given

Eigenvalues: Al = -0.71 ,\ 2 = -0.71 Al = -0.51 Ak = -0.51
Auxiliary terms: )3p = 30 31 = 0.021 /3 p = 501 = 0.51

Initial Conditions: 71(0) = 0 72(0) = 0 n/l(O) = -25 712(0) = 3
P1 (0) = 0 P 2(0) = 0 PI(0) = 0 P 2(0) = 0

Sample Period: TS = lmsec T, = 7msec

where the E and F terms are constant symmetric positive definite gain matrices, the /3

terms are positive scalars, and the subscripts P and I denote proportional and integral

terms. The weighted joint angle errors, k,, involve constants derived from positive con-

stants a,, while A,, and A2, are eigenvalues chosen from the error reference model such

that their magnitudes are less than 1.

2.3.4 Simulation and Experimental Results Discussion. Like Seraji, Tarokh dis-

cussed different conditions in his computer simulation and experimental results seclions.

His simulation discussion evaluated a 3-second trajectory of (90', 00) to (0', 90') for Links 2

and 3 of a PUMA-560 using only feedback and auxiliary torques. His control law was [22]:

u(k) = PI(k)O,(k - 1) + P 2 (k)O,(k -- 2) + ij(k) (2.49)

This control law uses only feedback and auxiliamy compensation. Furthermore, only integral

adaptation was used to compute the feedback compensation. The parameters for the

computer simulation are shown in Table 2.2.

lie evaluated several other ti ajectories, initial positions, and payload conditions and

discovered tracking errors of less than 1.0 degree. The simulnations also a:ddress the issue

of adaptation rate. Instability could result from a long sample period.
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The experimental results section concentrated on three different test scenarios sum-

marized by-

1. Movement of Joint 2 only from 00 to 500 in 2 seconds with all other joints stationary

and no payload.

2., Movement of Joint 2 only from 00 to 50' in 2 seconds with all other joints stationary

and a 3 kg payload.

3. Movement of Joints 2 and 3 from (00, 00) to (50', -500) in 2 seconds with all other

joints stationary and no payload.

The parameters for the experimental runs are different from the computer simulations.

They are also shown in Table 2.2. The tracking responses of Joint 2 comparing test scenario

(1) versus (2) and scenario (1) versus (3) are given in [22, 23]. These plots show that the

different test conditions cause little difference in trajectory tracking.

Questions left unanswered by Tarokh which will be addressed by this effort include:

1. Is this controller applicable under a variety of harsher trajectory conditions?

2. Are the parameters chosen for one trajectory good for only that particular trajectory

or several trajectories?

3. Is this control algorithm sensitive to the speed of the trajectory?

2,4 Summary

This chapter opened with a discussion of the development of an AM13C controller and

detailed the implementation that was used. An overview of decentralized adaptive control

followed. Tarokh's and Seraji's versions were examined.

The next chapter will discuss the results of adaptive model-lased control researcl. It

will bc followed by a discussion of the decentralized digital ada.pit( (Aflol effoi t,.
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III. Adaptive Model-Based Control

3.1 Introduction

In several articles Leahy and Whalen have espoused Adaptive Model-Based Control

(AMBC) as a method for robotic control [12, 13]. The aim of this thesis effort was to include

a third set of friction parameters in the adaptive control algorithm. These parameters

addressed static friction in an effort to reduce endpoint errors, especially at the start of

the trajectory. Initially the algorithms were tuned to accept this change. Several different

trajectories were traversed under a variety of initial conditions. Finally the feasibility of

employing only the most critical gravity and inertia terms along with the nine friction

terms in the AMBC algorithm was explored.

3.2 Test Environment

The experimental evaluations performed in this effort were conducted under the AFIT

Robotic Control Algorithm Development and Evaluation (ARCADE) environment. AR-

CADE is hosted on a VAXstation III and has both serial and parallel connections to the

original PUMA computer bus. The PUMA's LSI-11/73 computer now serves strictly as a

preprocessor. The angular position and motor current information is passed between the

preprocessor and the VAXstation via a DRV11-J parallel interface. The parallel device

driver software is supplied by the VAXlab software package. Velocity error is calculated

by differencing the desired and calculated velocity signal:

(k) = (Id(k) - [q(k) - q(k - I/T' (3.1)

Velocity noise translates into torque spikes and is the major limitation of algorithm feed-

back gain, and therefore tracking performance. A simple low-pass filter has been added to

help reduce these noise effects. Communication rebtiitions, minimal processing time, and

nominal clock rate resulted in a servo rate of 4.5 ins (222 Iz) for these evaluations [11].
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3.3 Algorithm Implementation

The specific structure of the AMBC algorithm implemented during this research was

identical to that of previous research on the PUMA. Feedforward torques are produced

based on estimated and known parameters.

T = Tff + Tfb (3.2)

T = (Y(Od, bd, Od)i) + (K,- + Kpe) (3.3)

Simple PD feedback torque is used with the following gains [12]:

Link # 1 1 2 3

Kp 640 1330 360

Kv 72 130 25

To visualize the layout of the links, think of the Puma as modeled like a human torso. Link

1 is the torso, Link 2 is the upper arm, and Link 3 is the forearm. Joints 1-3 respectively

are the waist, shoulder, and elbow [6].

These torques are digitally implemented for each joint by the following set of equa-

tions:

Tfb(k) = K,,6(k- 1)+ Kpe(k- 1) (3.4)

Tff(k) = Y1[q(k), ijd(k), i,(k)]&(k) + Y2[qd(k), id(k), id(k)]an(k) (3.5)

(k- 1) = i'p(k - 1) - [q(k - 1) - q(k - 2)]/T, (3.6)

e(k -1) = qd(k-1)-q(k-1) (3.7)

where q and qd represent the actual and desire(] joint angles, k denotes the sample instant,

and T, i, the sample period.

The regressor, Y, is based on the structure of the manipulator system dynamics,

including reflected actuator inertia and friction terms, and is depen(cnt on only the de.sired

trajectory positions, velocities, and accelerations, not actual trajectomy cha.racteri.stic..
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The columns of the regressor matrix are arranged based on a priori knowledge of

PUMA dynamics [13]. The first three columns of Y (and elements of a) are directly

related to gravitational torques. Inertial parameters are arranged according to payload

sensitivity analysis. Columns Y(11 - 19) are viscous, Coulomb, and static friction terms.

The regressor matrix was expanded from a 3 x 28 matrix listed in [13] to a 3 x 31

matrix to incorporate the three static friction terms. These terms were inserted as elements

Y(1, 17) through Y(3,, 19) as shown:

e-'0 °dlOlsign( Od) 0 0

0 e-OiO2dlsign(02d) 0

0 0 e- °I3dlsign(O3 d)

The term ro is a lubrication coefficient which is selected to be 40 [5] and 61d is the desired

velocity of the first joint.

The remaining columns of Y were shifted to be Y(i, 20) through Y(i, 31) where i is

the joint number. Individual static friction terms are independent of other joint trajecto-

ries, but other terms of the regressor are coupled. Differences in one link's performance

attributed to this compensation may still indirectly affect the performance and adaptation

of other links.

The parameter vector and regressor matrix are assumed to have two components.

The "known" parameters, an, will remain constant during program execution while the

unknown parameters, i, will be adapted. The elements of the regressor matrix correspond-

ing to the known parameters are denoted by Y 2. Feedforward torque components derived

from the known parameters and the regressor are precomputed and stored off-line.

The columns of the regressor matrix corresponding to the unknown parameters are

denoted by Y1 . The controller software is written such that the column size of Y1 is

selected by the program operator. The unknown parameters are initialized to ol)erator-

determined values. This portion of the feedforward torque is calculated on-line [12]. The
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total feedforward torque is expressed by:

Tff = YI(Od, bd, Od)& + Y2(Od, bd, bd)an (3.8)

The unknown parameters are adapted by a Desired Compensation Adaptive Law [19]:

i = J r-1'yT(Od, bd, bd)[(bd - b) + A(Od - 0)] (3.9)

This adaptation is digitally implemented by[13]:

(k) = r1 r-Y (qd(k), qd(k), 4d(k))[ (k - 1) + Ae(k - 1)] (3.10)

The vector A is selected to be the ratio of the position feedback loop gain over the velocity

feedback loop gain. Selection of r- 1 is discussed in a later section.

3.4 Experimental Evaluation

3.4.1 Introduction. Initial testing of the AMBC algorithm examined the effects of

adding three more friction parameters. These tests were conducted with an initialized pa-

rameter vector and with an uninitialized vector. The values used to initialize the parameter

vector came from [14]. The parameters were also rearranged to conduct tests using only

the three aforementioned gravitational terms, one inertial parameter, and all nine friction

terms. Tests were conducted over a variety of trajectories, listed in Table 3.1, under zero

payload conditions. Test results are in Section 3.5. Motor saturation constraints limited

testing with a 2 kg payload to Trajectories 1 and 3 only.

Trajectories 1, 2, and 3 all experience angular position movement of (950, 450, -105').

Trajectory 1 undergoes this movement in 1.5 seconds instead of the 2.0 seconds used in

Trajectories 2 and 3 and is the standard evaluation trajectory used in previous PUMA

evaluations [13]. The desired trajectory velocity and acceleration components wi!l be iden-

tical for Trajectories 2 and 3. These three test trajectories will allow testing to consider

the effects of different starting positions and trajectory speeds.
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Table 3.1. Test Trajectories (degrees)[13]
Number Start Finish Time (sec)

1 -50,-135,135 45,-90,30 1.5
2 -50,-205,90 45,-160,-15 2.0
3 0,-180,180 95,-135,75 2.0
4 0,-90,90 -95,-135,-15 2.0
5 0,-45,135 -95,-90,20 2.0
6 0,-90,90 95,-135,195 1.5

Trajectories 4 and 5 apply identically generated trajectory commands to different ini-

tial conditions. When compared to Trajectories 2 and 3, the initial positions differ and the

movement of Joints 1 and 2 is opposite. (Trajectories 4 and 5 move (-95', -45*, -105*)).

The respective desired position and acceleration terms should also differ in sign from those

of Trajectories 2 and 3. These two test trajectories permit testing to consider the effects

of different starting positions and direction of motion.

The movement of Trajectory 6 is similar to Trajectory 1. Joint 3 moves in the opposite

direction while Joint 1 and 2 movement is the same. Desired velocity and acceleration terms

for Joint 3 should have opposite signs. This trajectory can be used to determine the effects

of different starting positions, direction of motion, and trajectory speed.

3.4.2 Sixteen-Parameter Adaptation Testing. All trajectories in Table 3.1 were run

to emulate Leahy and Whalen's adaptive algorithm using 16-parameters in the & vector

[13], validate the modified software, and account for any minor changes in the manipulator

since their study. This was accomplished by setting the first three terms of A,,, which

correspond to the static friction terms, to zero. Trajectories 1 and 3 were also run carry-

ing a 2 kg payload. The diagonal I- 1 matrix was set to Leahy and Whalen's values of

(120,120,120,0,90,90,90,15,150,5,80,30,15,80,80,80). The zero in the fourth element denotes

that the fourth parameter of i will not be adapted, but remain at its initial value. The

effects on adaptation caused by knowledge (or lack thereof) of the values of i were explored

by using initial approximations of a 4a(1 a,, equal to a set of previously determined values

(initialized) or i = a,, = 0 (uninitialized).
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3.4.3 Nineteen-Parameter Adaptation Testing.

3.4.3.1 Nineteen-Parameter Tuning. In this series of evaluations, the AMBC

algorithm was used in conjunction with a 19 parameter it vector. The static friction terms

were now part of the unknown parameter vector. An a priori estimate of i(17-19) = 1 was

used in determining the best set of r-1(17- 19) for the adaptation expressed in Equation

(3.9). The first 16 values of r-'(1 - 16) were left the same as noted in the last section.

Trajectory 1 was run several times using different values for F- 1 (17). The values

of F- 1(18 - 19) were set to zero. The value that produced the best performance was

selected, then several more runs were executed to determine r - 1(18), and finally r-(19).

The tuning procedure was repeated for Trajectory 1 with a 2 kg payload. The values of

r- 1 (17 - 19) were chosen to be (200,15,15).

3.4.3.2 Nineteen-Parameter Adaptation Runs. All of the trajectories listed in

Table 3.1 were run using the r-1 matrix obtained from tuning the AMBC algorithm for 19

parameters. The test conditions included running the AMBC algorithm with and without

payloads and:

1. with i parameters initialized (set to predetermined values). Then:

(a) Evaluate the algorithm for single-run performance.

(b) Conduct multiple runs with i set to values derived during the previous runs to

demonstrate the value of learning in a repetitive task environment.

2. with i parameters uninitialized (set to zero). Then:

(a) Evaluate the algorithm for single-run performance.

(b) Conduct multiple learning runs to learn the i. parameters.

3.4,4 Thirteen-Parameter Adaptation Testing. The last set of tests undertaken us-

ing the AMBC algorithm necessitated rewriting the test softwaie. These tests evaluated the

effects of using j ist three gravity parameters,, one inertial parameter, and all n ine friction
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parameters as the first thirteen elements of i. The regressor matrix was again reconfig-

ured to place the friction compensation terms originally in Y(i, 11 - 19) into Y(i, 5 - 13),

respectively, where i is the joint number. Regressor components Y(i, 5 - 10) were replaced

as Y(i, 14 - 19). The remaining regressor terms were left in their initial positions. The

regressor and manipulator parameter terms were moved so that all of the terms now as-

sociated with the known parameters could be set to their predetermined values and the

corresponding feedforward torques precalculated and stored.

3.4 .4.1 Thirteen-Parameter Tuning. The AMBC algorithm was now tested

with a 13-parameter a vector. The r - 1 parameters pertaining to the gravity and iner-

tial terms were left at (120,120,120,0). These values were used by Leahy and Whalen

in previous tests with 7, 10, and 13 element unknown parameter vectors [12, 13]. As

in 19-parameter tuning, an estimate of &(11 - 13) = I was used for the static friction

terms. Trajectory 1 was run several times using different values for r- 1(5 - 7). The

values of r-1(8 - 13) were set to zero. The values of r - 1(5 - 7) that produced the

best performance were selected, then several more runs were performed to determine

r-1(8 - 10), and finally r-'(11 - 13). The values of r-1(5 - 13) were chosen to be

(600,600,200,600,600,200,200,200,200).

3.4 .4.2 Thirteen-Parameter Adaptation Runs. All of the trajectories listed in

Table 3.1 and the two payload bearing trajectories mentioned in Section 3.4.1 were run

using the r-1 matrix obtained from tuning the AMBC algorithm for 13 parameters. The

test conditions were the same as in the 19-parameter case. The next section discusses the

results obtained from the 16-, 19-, and 13-parameter tests.

3.5 Adaptive Model-BIased Control Algorithm Test Results

3.5.1 Introduction. All test trajectories given in Table 3.1 were run under no-load

conditions. Trajectorics I and 3 were also run arrying a 2 kg payload. All test trajcctories

were itun sevcial times using the adaptive parameters derived fiori the previotis learnihig

run as initial pararnmeter estimates.
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This discussion compares tests completed under similar test scenarios. The 13-, 16-,

and 19-parameter adaptive algorithms were run under the conditions of:

* uninitialized parameters and no load

* uninitialized parameters and a 2 kg load

* initialized parameters and no load

* initialized parameters and a 2 kg load

The adaptive algorithm test results were also compared to evaluations that used a Single

Model-Based Controller.

The Single Model-Based Controller (SMBC) for these comparisons was formed from

the model-based controller used in the AMBC algorithm. The SMBC controller used the

same PD feedback torques as the AMBC controllers and feedforward torques based solely

on the desired trajectory attributes and assumed manipulator parameters as shown in

Equations (2.3) and (2.20). The entire manipulator parameter vector a was initialized to

predetermined values and the r- 1 vector was set to zero to prohibit any of the parameters

from being adapted.

3.5.2 Single Run Tests With Uninitialized Parameters. Figures 3.1-3.3 are represen-

tative of the plots in Appendix D. These figures show that the uninitialized 13-parameter

AMBC algorithm, of which nine parameters are friction parameters, produces better tra-

jectory responses than the uninitialized 16- or 19-parameter AMBC controllers for single

run tests. This may be attributed to the large gains in the 13-parameter r-' vector. The

manipulator parameters may adapt more quickly than those determined using the 16- or

19-parameter algorithms' r-1 vectors. The 16- and 19-parameter error plots trace each

other closely throughout the entire set of single run tests with uninitialized parameters.

The addition of the three static friction terms to the 16-parameter AM13C controller does

not have a significant influence on trajectory tracking for single run uninitialized tests.

3.5.3 Learning Runs Wi/h Uninitialized Parameters. The 13-, 16-, and 19-parameter

AMBC controllers were run several times to allow the algorithms to learn the inanipulator
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parameters. Appendices A, B, and C contain plots of the tracking errors developed in each

of the trajectories as the pz .ameters were being learned. Appendix E displays comparisons

of the final results of learning for all test trajectories and provides a comparison to SMBC

testing. Appendices B and C plots show that the overall tracking errors are reduced and

peak errors are reduced by as much as 80% (see Figures B.10 and C.10) of the original

errors. Figures 3.4-3.6 highlight the results of learning with uninitialized parameters for

Trajectory 4. The uninitialized 19- and 16-parameter AMBC controllers produce results

superior to the SMBC and 13-parameter algorithms. In most test cases the 19-parameter

AMBC controller is closely tracked by the 16-parameter controller. li the remainder of

the tests the 19-parameter controller is better. The extra friction terms slightly improve

the trajectory response.

Even after learning, the uninitialized 13-parameter AMBC controller is inferior to the

SMBC controller. Over half of the plots in Appendix A show that the learning runs actually

caused this controller to produce worse tracking errors than those experienced in single i un
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tests. The 13-parameter AMBC may have made an initial step in the wrong direction when

trying to estimate its viscous friction parameters and forced to stay in that area because

of the heavy emphasis on friction terms imposed by the corresponding large r - 1 values.

The results of 13-parameter adaptation with initialized parameters are much improved and

the manipulator parameter adaptations are more in line with the initialized values. The

viscous friction terms are either positive or much closer to zero than the estimates made in

he uninitialized cases. Retuning the first four r- 1 parameters before tuning the friction

components may have relieved some of this error, and tuning during learning runs instead

of single trajectory testing could help improve this algorithm's performance.

Appendices L through N contain tables listing the parameters learned through repet-

itive testing., Appendix 0 provides a side-by-side comparison of compai able parameters.

Table 3.2 shows the results of no-load Trajectory 1 testing. The three columns on the

right contain the manipulator parameters deteimined after the ninth learning runs of the

uninitialized parameter tests. These algorithms should be trying to find the same i valh s.
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Table 3.2. Learned Parameter Values - Trajectory 1
Trajectory 1 Initialized Trajectory 1 Uninitialized

Number Nominal 13 par 16 par 19 par 13 par 16 par 19 par
1 0.30 0.85 1.04 0.87 -4.96 5.81 6.78
2 -52.09 -54.86 -53.83 -53.15 -30.73 -17.64 -17.88
3 -7.53 -7.30 -8.81 -9.63 -10.12 -8.46 -8.88
4 -0.01 -0.01 -0.01 -0.01 0.00 0.00 0.00
5 -0.03 0.23 0.38 -1.08 -1.18
6 -1.57 -2.86 -2.77 -3.34 -3.36
7 2.10 2.95 3.40 0.65 0.82

8 -0.03 -0.70 -0.65 -1.20 -1.24
9 0.67 2.99 3.04 11.41 11.58
10 -0.12 -0.23 -0.16 -1.90 -1.80
11 4.50 -1.73 4.81 4.23 -36.53 7.04 7.00
12 3.50 -0.23 4.08 4.16 -23.76 3.58 3.61
13 3.50 1.09 3.45 3.52 -9.25 3.18 3.33
14 5.95 7.62 7.46 7.35 10.42 5.02 4.74
15 6.82 10.58 9.51 9.88 20.56 17.00 17.13
16 3.91 4.30 5.86 6.02 4.72 10.14 9.45
17 1.00 0.21 1.64 -5.11 1.22
18 1.00 -0.34 1 0.87 -2.43 -0.16
19 1.00 0.37 0.91 -5.90 -0.33

The manipulator parameters found by the 16- and 19-parameter AMBC controllers are

similar from top to bottom. There is no correlation between these manipulator parame-

ters and those developed by the 13-parameter AMBC controller. The discrepancies of the

13-parameter controller may have been caused by using fewer parameters to produce the

same level of robot control and needing different values to attain the goal, or by the large

r- 1 vector causing the manipulator parameters values to change much more drastically

than in the 16- or 19-parameter cases. The 13-parameter algorithm suffers severely when

half of its parameters are given an incorrect sign as a result of adaptation. Other tables in

Appendix 0 show than the uninitialized 19- and 16-parameter controllers produce results

similar to each other for each trajectory. The paramet.cr values change from trajectory to

trajectory which is consistent with the findings of Leahy and Whalen [13].
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3.5.4 Single Run Tests With Initialized Parameters. Trajectory errors resulting

from testing with initialized parameters are at least 50% smaller than those experienced

running single run tests with uninitialized parameters. Figures 3.7-3.9 are representative

of the no-load trajectories in Appendix I. For every no-load trajectory test run, the

13-parameter AMBC algorithm produced the best response, except Trajectory 6 - Joint 3

where large oscillations developed in the middle of the trajectory tracking error. The 16-

and 19-parameter models develop tracking responses that are similar to each other. As

expected, the SMBC controller was ineffective when compared to any of these AMBC

controllers.

The 2 kg payload test runs all experienced oscillations and degradation over the no-

load tests. The 16-parameter algorithm developed the most favorable set of error profiles.

The 19-parameter system was a very close second and the 13-parameter model third. The

13-parameter algorithm may have been penalized for its smaller set of adapting parame-

ters. The single run tests utilizing initialized parameters were nearly comparable to the

uninitialized parameter cases after learning. These sets of initialized runs show that there

is no substitute for good initial estimates.

3.5.5 Learning Runs With Initiahzed Parameters. AM13C controllers with 13, 16,

and 19 initialized parameters were allowed to use the parameters learned during one run as

the initial parameter estimate for the next run. Appendices F, G, and 11 contain plots of the

errors generated during the learning process. As was the case with uninitialized parameters,

learning runs for the initialized 13-parameter AMBC controller did not necessarily mean

that the trajectory tracking response was going to improve. Several of the figures in

Appendix F show that the errors increased as the controller was supposed to be learning

the manipulator parameters. Neither the 16- nor 19-parameter AMBC controller could

improve tracking response for Joint 3 of Tiajectory 6. These controllers did improve or

maintain the tracking responses for all of the other test cases. Some of the tracldng error

plots in Appendices G anII 11 showed peak error reductions of more tha 11 60%.

The learning process was complete by the fifth run for ail three algorithms. Figures

:3.10-3.12 show one set of plots contained in Appendix J. The appearance of oscillations in
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some plots is due to the small range covered by the vertical axis of the plots. Figure 3.11

covers an entire range of .003 radians from top to bottom.

The 16- and 19-parameter algorithms usually trace similar error profiles. The initial-

ized 13-parameter AMBC controller is surprisingly capable. It provided the best control

for all of the joints of the robot for Trajectory 3.. This controller, however, was the worst

controller for the payload bearing and high speed trajectories. The 19-parameter controller

worked best, and outperformed the 16-parameter controller, ca the heavier Links 1 and 2.

The 16-parameter controller was best utilized for Joint 3.

The three columns in the center of Table 3.2 contain the results of no-load Trajectory

1 testing for learning with initialized parameters. Again the manipulator parameters found

by the 16- and 19-parameter AMBC controllers are similar. There are sign changes in some

of tht parameters developed by the 13-parameter AMBC controller. It has decided that the

viscous friction terms for Joints 1 and 2 should be negative. Tables 0.4, 0.5, and 0.8 show

the 16- and 19-parameter controllers determining that parameter#1 as a negative number.
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The nominal values were positive. Similar changes in the signs of several parameters are

probably responsible for the reduction in the response for the 13-parameter AMBC.

3.5.6 Comparison of Initialized and Uninitialized Learning Runs. Figures 3.13-3.15

from Appendix K illustrate the value of initialized parameters over uninitialized parameters

for 16- and 19-parameter controllers. The 13-parameter controller is inferior to these two

because of its shortcomings for the high-speed and loaded tests. These figures show that the

tracking errors can be reduced to approximately .001 radiaa. If computational loading is an

issue, the 16-parameter controller performs nearly as well as the 19-parameter controller.
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3.6 Summary

This chapter discussed the evaluation of an Adaptive Model-Based Controller. Tests

were conducted over a variety of trajectoiies with different numbers of initialized and

uninitialized parameters. Uninitialized tests evaluated the algorithms' ability to develop

manipulator parameters in the absence of any prior information about the parameters.

The addition of extra friction parameters did not improve the response of the basic 16-

parameter AMBC during single run testing. Learning tests did reduce the peak errors of

the single-run tests by as much as 80%.

Initialized tests provided the controller with an a priori estimate of manipulator pa-

rameters. The controllers were also able to compute an additional feedforward torque com-

ponent based on known non-adapting parameters. The parameter knowledge helped reduce

tracking errors by 50% with respect to comparable uninitialized tests. The 13-parametei

AMBC emphasizes friction components. It produced the best single-run responses, but

was penalized for its smaller parameter size an( nearly diagonal structure of the regres-
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sor matrix in the learning tests. The 16- and 19-parameter AMBCs reduced most peak

tracking errors to less than one milliradian. There was no decided advantage to using 19

parameters over 16 for initialized testing, and therefore no need to implement the static

friction parameters.
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IV. Evaluation of Decentralized Digital Control Algorithms

4.1 Introduction to the Discussion of Tarokh's Algorithm

In a pair of publications, Tarokh has presented the development of a Popov

hyperstability-based discrete-time adaptive control scheme [22, 23]. These papers were

discussed in Chapter 2. His initial evaluations were conducted over trajectories that moved

Joints 2 and 3 of a PUMA-560 manipulator from (0° ,00) to (500, -50'). The time of the

trajectory was 2 seconds. Attempts were made to validate those results. Restrictions im-

posed on our Puma led to our test trajectories starting at (-180', 1800) and finishing at

(-130', 1300). The design parameters Tarokh selected are listed in Table 4.1.

Table 4.1. Tarokh's Design Parameters

Feedback terms: E'p = 0 E 2p = 0
Eli = 2 1 2x2 E 21 = 2 1 2x2

Fop = 0 FOl " 0
Feedforward terms: Flp = 0 F11 = 0

F2p =0 F21"-0

Constants: a 2 = 200 a3 = 100
Eigenvalues: A1 = -0. 5 1 2x2 A2 = -0-512x2

Auxiliary terms: Op = 5 0 122x P1 = 0.512x2
Initial Conditions: 1]2(0) = -25 rq3(0) = 3

The subscripts for the ? and a terms refer to the joint number. The subscripts on the

E and F matrices denote which P or Q matrix of Equation (2.42) they are used to create.

The implementation of Equation (2.42) is discussed in the next section. The values of the

constant a terms were not given in the section of Tarokh's paper covering exi)erimental

results [22]. The a values listed in Table 4.1 are taken from his computer simulation

section. All values in this table are to be specified by the designer to meet tile needs of

the particular manipulator. In the attempt to reproduce Tarokh's plots, the ak values used

were (100,50) and the A values were changed to -0.8. The initial conditions listed in Table

,1.1 were used. If this control algorithm is not dependent on its trajectory, initial conditions

should apply to any trajectory selected. Feedforward compensation terms were not listed
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in either the computer simulation or experimental results section and were therefore taken

to be zero.

The evaluation runs were accomplished under the same conditions for adjacent link

movement and payload parameters as Tarokh used. Figure 4.1 shows the desired and

actual trajectories covered by the Joint 2 of the manipulator under the conditions of no

movement in Joint 3, with and without payload. Figure 4.2 shows the desired and actual

Joint 2 trajectories with and without Joint 3 movement under no-load condition. The plots

of actual trajectory errors shown in Figures 4.3 and 4.4 are more revealing. These plots

show how large the tracking errors produced really are.

Although the trajectories generated by our manipulator do not demonstrate the same

smoothness shown by Tarokh's experiments, Figures 8 and 9 of [22], they supplied enough

incentive to explore the algorithm further in the hope of attaining suitable parameters to

provide accurate trajectory tracking. The next section describes the approach taken in

tuning and testing Tarokh's algorithm.

4.2 Examination of Tarokh's Algorithm

The discrete-time adaptive control algorithm implemented in this effort is given in

Equation (2.42) as:

u(k) = Pi(k)Oe(k - 1) + P 2(k)Oe(k - 2) + Qo(k)Od(k) + Ql(k)Od(k - 1)

+ Q2(k)Od(k - 2) + 77(k) (4.1)

The control algorithm can be divided into feedback, feedforward, and auxiliary torque

components as follows:

Feedback Torque: Pl(k)Oe(k - 1) + P 2(k)O,(k - 2)

Feedforward Torque: Qo(k)Od(k) + Ql(k)Od(k - 1) + Q2 (k)Od(k - 2)

Auxiliary Torque: n(k)
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where the compinents are modeled by:

P,(k) = P,(k - 1) + Oe(k)O,(k - x)E.p

+ b,(k - 1)Oe(k - x - 1)[Exi - E.p] x = 1,2 (4.2)

Qy(k) = Qy(k - 1) + be(k)Od(k - y)Fp

+ Oe(k - 1)Od(k - y - 1)[Fyj - Fyp] y = 0,1,2 (4.3)

q (k) = q(k - 1) + Opih(k) + ()I3 - g3)(k - 1) (4.4)

The weighted joint angle error 0 e is formed from the matrix parameters a, A,, and A2 by:

R2 = aAJA 2(A1 + A2) (4.5)

R3 = a(I 3 + AIA 2 ) (4.6)

o(k) = R 2 0,(k - 1) + R 3Oe(k) (4.7)

The terms a, A, R 2, and R3 are constant diagonal matrices and the weighted errors are

common to all torque components.

The torque components were ranked in descending order of magnitude, assuming the

presence of small joint angle errors, to determine where to start the process of developing

parameter values for our particular controller. The ordei and reasoning are:

1. Auxiliary torque - This term is the weighted sum of the two most recent weighted

errors and is only first order as far as the error terms are concerned.

2. Feedforward torques - The three feedforward torquP components are products of first

order error terms and second order aitgular position terms. Squaring these quantities

eliminates depencience on the sign of the position terms. The position errors are

assumed to be small while the position terms can be as large as ±7. This term could

cause problems if its components grow too large.

3. Feedback torques - These two torques arc. third order products of the position errors.

If errors are in the range of 0.005 radians, these products are on the order of 1 0 - 7 .
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For the desired small errors, the parameters associated with these terms may need to

be extremely large to produce any noticeable torques.

4.3 The Tuning Process

Tarokh stated that this algorithm includes several parameters to be chosen by the

designer. In this case there are 15 design paramcters and 6 initial conditions to be selected

for each of three links. In view of the restrictions imposed by a decentralized controller,

all design parameters are viewed as vectors or diagonal matrices. This algorithm is not

based on the manipulator's dynamics model, as are adaptive model-based algorithms. The

paramoters are selected solely on the basis of trial and error.

4.3.1 Weighted Error Terms. The first parameters selected for each link were A1 and

A2 over a 2-second trajectory of.(-500 , -1350, 1350) to (450, -900, 10'). This trajectory is

denoted as Trajectory 0. The first runs were conducted with the feedforward compcnent

of a Single Model-Based Controllcr (SMBC) added to limit the errors experienced during

the heuristic process of determining an initial set of A parameters. The a and )3 terms

used in veiifying the algoritm were chosen until better values could be identified. Values

of A 1 and A2 were tested for each joint in the manner of:

(Al,A 2) = ±(C.2i+0.1,0.2j+0.1) i=0,1,2,3,4 j= 0,1,2,3,4

to test values all over Glie range of l < 1. Points of (A , A2) in the fourth quadrant form the

same weighted errors as the cor'responding points in the second quadrant. Therefore, the

fourth quadrant was r.ot investigated. The third quadrant (both A1 and A2 < 0) provided

the best results. Small magnitudes of A produced oscillations in the manipulator trajectory

while larger ma pnitudes iesulted in larger eriors over smoother trajectories. Values of A

that produced a compromise of these opposing conditions were selected. This hinted at

the need for readjusting ,\ values as parameters were added.

The (onstant a terms were recognized as being only multipliers that increase the

magnitude of the R 2 and R3 terms use.d in calculating the weighted errors. A chleck of

Equations (4.2-4.4) reveals that each P, Q, and r/term is a first order function with r,pect
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to b,(k) or 6,(k - 1). All a values were set to 1. The constants for 83, E, and F terms

will all be larger (a times larger) to compensate for this.

.4.3.2 Auxiliary Torque Terms. The auxiliary torque component was identified as

the largest contributor to total torque, therefore, the 3p and 31 terms were selected first.

These terms seemed to influence opposite ends of the trajectory for their particular link.

In the case of Links 1 and 2, increasing )3 p had the effect of reducing the initial peak errors

while inducing oscillations in the final part of the trajectory. Increasing the integral term,

)31, quelled these oscillations but reinforced the initial peak errors. Link 3 demonstrated

the opposite behaviors for these terms. These tradeoffs were considered in selecting '3p

and /31.

Initial conditions for the auxiliary input were introduced to examine their effect. The

SMBC feedforward term was removed during the )3 tuning procedure as soon as a set of

parameters produced a reasonable response. Figures 4.5 - 4.7 show the trajectory errors

incurred during the steps of this tuning process. The oscillatory nature of the tracking

error plots is due to the lack of velocity gains in Tarokh's algorithm. Without velocity

gain, the algorithm is suitable for regulation, not tracking [10]. After the best set of /3

terms was selected, the next step was to go back and adjust the A terms for smoother

tracking and then recheck the 3 terms. The parameters selected during each step of the

tuning process are listed in Table 4.2.

4.3.3 Feedforward Torque Terms. Feedforward torque is the next largest component

in the total control torque. It consists of three components based on weighted errors

and angular positions. The error and position terms have time delays ranging from 0

to 3 sample periods. All three proportional feedforward torque parameters, Fop, Flp,

and F2p, were selected before the integral parameters. Again, the tradeoff in selecting

sets of these parameters was the balance between reduced initial errors versus endpoint

oscillations. The first two parameters produced improvements in manipulator tracking.

The third term, Y 2P, only acted to increase oscillations. It was set to zero. The A and /3

terms were re-adjusted and followed by a re-evaluation of Fop and Flp.
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Next, the integral feedforward parameters, Fl, Fj 1 , and F 2 j, were addrcsed. As in

the case of the proportional parameters, only the first two terms were effective. The third

was set to zero. Initial conditions for the three feedforward components did not improve

performance. All previously selected parameters were re-adjusted for optimum response.

4.3.4 Feedback Torque Terms. Although these terms (Elp, Ej1 , E2P, and E21) are

included in the derivation and demonstration of this algorithm, they did not influence

the tracking and endpoint accuracy even when set as high as 106 . These terms and the

feedback torque initial conditions were set to zero.

4.4 Examination of Seraji's Mlgorithm

This section ib a cursory glance at the Seraji's Lyapunov-based djecenltralized (laptive

control algorithm [201 that was discussed in Chapter 2. Leahiy also experimecnted with

this algorithmn [10] and expressed this controller as being divided into feedforward (-rff),

4-9



Table 4.2. Design Parameters Selected During Tuning Tarokh's Algorithm

Parameters Under Consideration:,

Constants:____ Op and )3 Fop and Fip F 01 and F1 1

ae diag[1,1,1] diag[1,1,1] I diag[1,1,1J
Auxiliary Terms:

01 diag[1O,1O,2] diag[5,5,10) diagj5,5,10]
)3 p diag[1000,3000 ,400] diag[1600,4500,700) diag[1600,4500,750]_

Eigenvalues: _________ __________________

A, diag[-7.,- .7,-.7] 1diag[-.85,-.85,-.85] diag[-.85,-.85,-.851
A2  diag[-.95,-.95,-.95] J diag[-.9,-.9,-.9] diag[-.95,-.95,-.95]

Feedforward Terms:
F diag[0,0,01 diag[1200,1000,5001 diag[1050,850,525)

Fjp diag[0,0,0] diag[900,700,450] diag[1400,1200,900]
Fo1  diag[0,0,0] diag[0,0,0] diag[11,8,9]
Fl1  diag[0,O,0] diag[0,0,0] diag[5,5,5]

F2p and F 21  diag[0,0,0] diag[0,0,0J diag[O,0,O]
Feedback Terms:II

Elp and E2 P diag[O0 0) diag[O,O,0] 1 diag[0,0,0]
Eli and E21  diag[O0,00] J diag[0,O,0] diag[0,0,0]

InitialConditions: _____________________________
q(0) diag[10,30,-71 diagaj[10,30,-7] diag[10,30,-7]

feedback (rifb), and auxiliary (Tax,) torque components.

T' Tax + Tf f + Tj b (4.8)

wvhere:

7ff= COd + Bbd + A~d (4.9)

TI b =K,6 + Kpe (4.10)

Od is the desired trajectory and e :--(Od - 0). A, B, C, IK, and K P are all n x n adaptive

matrices [10]. These equations arc digitally implemented by:
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Tax(k) = rax(k- 1)+a(I)L[R(k)+R(k-1)]

+ )3(1)[R(k) - R(k - 1)] (4.11)

Kp(k) = Kp(k - 1) + a(2)-L[R(k)e(k) + R(k - 1)e(k - 1)]

+ )3(2)[R(k)e(k) - R(k - 1)e(k - 1)] (4.12)

K,(k) = K,(k - 1) + a(3)L8[R(k)6(k) + R(k - 1)6(k - 1)]

+ /3(3)[R(k)6(k) - R(k - 1)6(k - 1)] (4.13)

A(k) = A(k - 1) + ce(4) T5 [R(k)'d(k) + R(k - 1)6d(k - 1)]

+ 13(4)[R(k)Od(k) - R(k - 1)6d(k - 1)] (4.14)

B(k) = B(k- 1) + a(5)2[R(k)bd(k) + R(k - 1)bd(k- 1)]

+ )3(5)[R(k)Od(k) - R(k - 1)bd(k - 1)] (4.15)

C(k) = C(k - 1) + a(6)L[R(k)Od(k) + R(k - 1)Od(k -1)]

+ 13(6)[R(k)Od(k) - R(k - 1)Od(k- 1)] (4.16)

R(k) = Wpe(k) + W,(k) (4.17)

Since this algo;ithm is defined as a decentralized controller, all matrices are forced to be

diagonal. The diagonal 6, a, and -j matrices used in Equations (2.34-2.36) were imple-

mented as constants and gathered into a new a vector. Similarly, the corresponding p,

)3, and A matrices are now expressed as a new J3 vector. Tnese a and /3 vectors and the

diagonal matrices WP and W, are operator-specified constants.

Again, as with Tarokh's algorithm, the torque components were ranked in descending

order of magnitude, assuming the presence of small joint angle and velocity errors, to

determine which parameters should contribute the most to developing the torques for our

particular controller. The order of these components is the same as the corresponding

portions of Tarokh's controller:

1. Auxiliary torque - This term is the weighted sum (and difference) of the two most

recent weighted errors . and is only first order as far as the error terms are concerned.
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2. Feedforward torques - The three feedforward torque components are products of first

order error terms and second order angular position, velocity, and acceleration terms.

The position errors are assumed to be small while the position terms can be as large

as ±7r. High instantaneous acceleration and velocity terms must also be regarded

with caution. This may be why Seraji chose to omit the feedforward terms from his

implementation of the algorithm in [201.

3. Feedback torques - As in Tarokh's algorithm, these torques are third order products

of angular property errors. For the desired small errors, the multiplicative products

of the parameters associated with these terms may need to be extremely large to

produce any noticeable contribution.

4.4.1 Differences in Tarokh's and Seraji's Algorithms. There are two major differ-

ences in these two decentralized adaptive controllers other than the stability theorem used.

One has to do with the trajectory components used. The other concerns the nature of the

adaptive matrices.

Tarokh's controller, Equation (4.1), is formulated on only angular position and po-

sition error terms. All of the torque components and adaptive parameters are based on

functions of position and position error. Seraji's controller, Equations (4.8-4.10), uses er-

ror terms and desired trajectory attributes. The adaptive matrices depend on position

and velocity errors contained in the weighting matrix R. These velocity errors, which are

calculated by 6(k) = [c(k) - e(k - 1)]/T, where e(k) = Od(k) - 0(k), are essentially a

weighted position error term. Th2 feedforward torque components and their respective

adaptive matrices rely on desired trajectory components which avoids the use of noisy

acceleration measurements.

In Seraji's algorithm, as implemented by both Seraji [20] and Leahy [10], only the

weighted error terms allow the matrices to adapt od a joint by joint level. The a anld

)3 terms are constants applied to a particular matrix. The adaptive .lements of Tarokh's

controller are allowed the additional freedom of diagonal mnatiices E and F to aid in the

adaptation of the matrices uscd in the feedforward and feedback torque terns. Both

controllers express the auxiliary term as a linear function of weighted (,rior ermns.
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4.4.2 Experimental Runs Made Using Seraji's Algorithm. The set of tuning param-

eters used by both Seraji [20] and Leahy [10] is given in Table 4.3. All initial conditions

were set to zero. These parameters were used to run all proposed test trajectories listed in

Table 3.1. These parameters reduced the controller to using only auxiliary and feedback

torques. Setting c(3) - a(6) = 0 deleted the feedforward torque terms. Setting the 83

terms all to zero removed the contribution of the terms associated with the differences of

the two most recent weighted error terms. Neither Seraji nor Leahy tuned the controller

for optimum response. None of the experimental results are particularly impressive. Nor

is it surprising that the plots contained in Appendix Q illustrate that this controller is

sensitive to initial positions, the signs of desired trajectory parameters, and payload.

Table 4.3. Seraji's Design Parameters

Auxiliary terms: CY(1) = 50 3(1) = 0
Feedback terms: (x(2) = 100 )3(2) = 0

a(3) = 800 )3(3) = 0

Feedforward terms: a(4) = 0 )3(4) = 0
a(5) = 0 j3(5)=0

a(6)= 0 8(6) = 0
Weighted Error terms: Wp(1) = 30 W(1) = 20

Wp(2) = 40 W,(2) = 20

W/,(3) = 12 W,(3) = 4

4.4.3 Evaluation of Tarokh and Seraji Controllers. The decentralized adaptive con-

trollers will he evaluated on their ability to respond to conditions other than their tuning

trajectory conditions. Is this controller sensitive to payload, trajectory speed, or different

trajectories?

Tarokh's algorithm was teste(l over the trajectories listed in Table 3.1. The controller

was tuned for Trajectory 0. The test trajectories dlemonstrate the respon.e of the Inanipu-

lator to scenarios other than the tuning conditions. ligures 4.8-4.10 show how the 'I'aiohh

and Scraji decentralized adaptive control schemes match up against each other. Appendix

Q contains the set of plots comparing all trajectories. Appendix 1) contains )lots which

,1-13
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Joint 3 Tracking Errors
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compare the error plots generated from the tuning Trajectory 0 to those for the other

test trajectories using the same design parameters. Trajectories 0, 2, and 3 all experience

movement of (950,450, -105') in 2.0 seconds and are subject to identical desired velocity

and acceleration commands. Tracking errors for Trajectories 2 and 3 are larger than those

for Trajectory 0. Joints 2 and 3 (especially 3) go into oscillation during Trajectory 2.

Figures 4.11-4.13 illustrate the Tarokh controller's sensitivity to position terms.

Trajectories 4 and 5 apply identically generated trajectory commands to different

initial conditions. When com)ared to Trajectory 0, the initial positions differ and the

desired velocity and acceleration terms should be opposite in sign since the movement

of Joints 1 and 2 is reversed. Figures 4.14-4.16 show how poorly the Tarokh controller

responds to the combination of different initial conditions and reversed trajectories for

Joints 1 and 2. Tarokh's controller is very scnsitive to these conditions. Peak tracking

errors for Joints I and 2 are five times larger for Trajectory 4 than for Trajectory 0.

Tarokh's algorithm depends on position and position error term;) only. Seraji's controller

is sensitive to these terms as well as the desired velocity trajectory components.
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The movement of Trajectory 6 is the same as Trajectory 1 except Joint 3 moves in the

opposite direction. Desired velocity and acceleration terms for Joint 3 should have opposite

signs. Figures 4.17-4.19 illustrate the Tarokh controller's inability to handle changes in

speed, coupled with reversed trajectory for Joint 3. Figures 4.20-4.22 demonstrate the

effects of trajectory speed and payload on a Tarokh controller. Trajectory 1 causes the

same angular position changes as Trajectory 0 but in 1.5 seconds instead of 2.0 seconds.

The desired trajectory components will all be changed. Tarokh's algorithm appears to be

unable to provide trajectory tracking control for conditions other than the specific tuning

trajectory.

4.5 Summary

This chapter examined the decentralized digital adaptive controllers of Tarokh [22]

and Seraji [20]. They are proposed as computationally simple, fast controllers. Each

controllei is mathematically developed as an algorithm that uses its parameters to develop a

control torque as the sum of auxiliary, feedforward, and feedback torques. Both algorithms

are heavily influenced by auxiliary torque terms. In the tuning process, both controllers

tend to minimize the need for one of the other torques. Part of the simplicity of of these

controllers is their independence from the robot's dynamics models, which makes Tarokh's

controller exceedingly hard to tune and trajectory dependent.

These controllers did not perform well enough in this study to be considered as an

algorithm suitable for gross motion control but, the inclusion of the above mentioned

auxiliary torques into Model Based Adaptive Input Controllers, as discussed in the next

chapter, is promising.
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V. Model-Based Auxiliary Input Controllers

5.1 Model-Based Auxiliary Input Controller Implementation

Leahy used the auxiliary torque component of Seraji's controller and formed a Model-

Based Auxiliary Input Controller (MBAIC). This controller couples thE auxiliary torque

with the feedforward and feedback torques developed by an SMBC controller. The MBAIC

is expressed by:

-r = 7,a +Trfb +Trff (5.1)

The feedforward torque term is based on compensation of all manipulator sys3tem dynamics.

The feedback gains are set to the values listed in Chapter 3. The Sera~i and Tarokh

auxiliary equations implemented are:

Tax= f(k) = f(k - 1) + c2[R(k) + R(k - 1)] +/3[R(k)- R(k - 1)] (5.2)

Tax=7'(k) = - 1)+i3p&(k)+(j3 - 3p)O (k-1) (5.3)

The role of the auxiliary input has been reduced from eliminating all dynamics disturbances

to compensating for variations from modeled dynamics [10]. The Seraji-based MBAIC had

the auxiliary torque term, Equation (5.2), rewritten to allow adaptation of the matrices

on a joint-by-joint basis. A similar MBAIC was formed using Tarokh's auxiliary torque

term, Equation (5.3). Tarokh's auxiliary torque already adapts at the joint level. The

Tarokh-based MBAIC was retuned in the same manner as described in Section 4.3.2. The

Seraji-based MBAIC was tested using parameters selected by Leahy and Seraji [10, 20].

The auxiliary torques are initialized to zero. The parameters are listed in Table 5.1.

Table 5.1. MBAIC Tuning Parameters [10]

Seraji Based MBAIC Tarokh Based MBAIC
ce=[50,100,100] a,=[1,1,1]

)3=[O,0,01 f3p= [2000,2000,7001
WP=[30,40,121 )3i=[10,50J,51

W,=[20,20,41 A1=A2=[-.3,-.3,-.3]
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5.2 Comparison of the Tarokh and Seraji-Based MBA IC

Is there a difference in the auxiliary torques as they are implemented? The auxiliary

torque equations and the weighted errors can be expanded and equivalent terms compared.

f(k) = f(k -1) +,ce[R(k) + R(k - 1)] + i3[R(k) - R(k - 1)]
= f(k - 1) + (a- + 3 )R(k) + ( T -))(k - 1)

R(k) = Wpe(k) + W,(k)

= Wpe(k) + We(k) - e(k - 1)
T.,

= (WP + -V)e(k) - -Ee(k - 1)

17(k) = i(k - 1) + )3pb(k) + ()31- )3p)be(k - 1)

o(k) = R 20o(k - 1) + R 3 9e(k)

= R 2e(k - 1) + R 3 e(k)

Inserting the parameters in Table 5.1, the auxiliary equations become:

f(k) = f(k - 1) + diag[1003.5,2010,4003]e(k) + diag[3.75, 10,3]e(k - 1)

- diag[1000, 2000, 4000]e(k - 2)

77(k) = n(k - 1)-- diag[2180,2180,763]e(k) - diag[2277.1,2233.5,795.35]e(k- 1)

+ diag[107.3,105.3,37.53]e(k - 2)

Some of these terms are harder than others to select, i.e., R 3 is a function of Tarokh's

A and a parameters, and T, is not as easy to manipulate as the other variables. Keeping

these two limitatins in mind, the respective terms of the weighting matrices and the

auxiliary torque equations can be equated.

5.3 Model-Based Auxiliary Input Controller Test Results

Both MBAIC controllers were evaluated over all of the test trajectories. The MBAIC

algorithms have a clear tacking advantage over their respective decentralized adaptive

5-2



controllers and the SMBC controller. Figures 5.1-5.3 are representative of the improve-

ments gained by using the MBAIC algorithms in place of an SMBC controller. The

plots in Appendix R contain the tracking errors produced by the MBAICs and compare

the MBAIC to the SMBC used to generate the feedback and feedforward torques for the

MBAICs. These plots show that the Tarokh-based MBAIC controller is better than or

comparable to the Seraji-based model on all test trajectories. However, as detailed in

the preceding section, equivalence of these two controllers is not easy to achieve in view

of the origins of some of the multipliers used in the adaptation of the auxiliary terms.

The Seraji-based MBAIC may be degraded by changes in the PUMA. The Seraji-based

MBAIC was tuned only during Leahy's work [10]. The no-load tracking errors are all less

that 3 milliradians. Trajectory 3 is the only loaded test condition where errors exceeded 3

milliradians.

5.4 Comparison of MBAIC and AMBC Controllers

Appendix S contains comparisons of the tracking errors produced by the MBAIC

algorithms and the 19-parameter AMBC controller. The AMBC controller works better

for all conditions except Trajectory 6, but in several instances the peak errors developed

by either trajectory are less that three milliradians. Both control methods provide a high

degree of gross manipulator control.

5.5 Summary

This chapter discussed two implementations of an MBAIC controller that used dif-

ferent auxiliary torque equations. The similarity of the auxiliary torque equations was

discussed. The tracking performance of these controllers was compared and then corn-

pared to SMBC and AMBC algorithins.
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VI. Conclusions and Recommendations

6.1 Conclusions

Adaptive parameter techniques have been successfully applied to robotic manipu-

lator control. Adaptive Model-Based Control (AMBC) methods proved viable, as did

Model-Based Auxiliary Input Control (MBAIC) techniques. The decentralized adaptive

controllers, of which the auxiliary inputs were a component, were not able to approximate

the degree of control provided by AMBC or MBAIC procedures.

All three types of controllers were experimentally evaluated for the first three links of

the PUMA-560 manipulator. The AMBC method sought to improve control by adapting

or calculating a set of manipulator parameters. Our 19-parameter AMBC computes 19

manipulator parameters and leaves 12 at preselected values. When uninitialized tests were

conducted, all 31 parameters were set to zero and only the 19 adapting parameters ever

contributed to developing the model-based feedforward torques. Initialized tests set all

31 parameters to predetermined values, permit 19 parameters to change, and use all 31

parameters to calculate the feedforward torque. Testing showed that adaptation of unini-

tialized parameters could not compare to the results attained by using properly initialized

parameters. 13- and 16-parameter models were compared to the 19-parameter AMBC.

The 13-parameter model was heavily dependent on friction terms and did not operate as

well as the other options. The 16-parameter AMBC was already established as an excellent

algorithm for gross motion control. The addition of three more friction parameters to form

the 19-parameter AMBC did not improve upon the 16-parameter AMBC enough to justify

implementation. The AMBC algorithm is more complex and computationally demanding

than the other two types of controllers examined.

Both decentralized adaptive controllers adapted six diagonal matrices for use in calcu-

lating control torques. However, in practice, three of these matrices were disabled causing

Seraji's controller [20] to omit fePdforward torques and thp Tarokh controller [22, 23] to

ignore part of the feedforward and all of the feedback torques. Tarokh's decentralized

adaptive controller scaled each joint's adaptation process using diagonal matrices of pro-

portional and integral constants, a trajectory parameter, and a diagonal weighted error
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matrix. Seraji's controller uses a single diagonal matrix, the trajectory quantity used in

developing the adaptive matrix's torque component (i.e., COd is a feedforward torque com-

ponent and Od is used in adapting C as in Equation (4.9)), and diagonal weighted error

and position matrix. The diagonal matrix is implemented as a scalar. These controllers

have fewer characteristics adapting on a joint level than the AMBC controller and do not

perform as well as the AMBC algorithm.

The MBAIC controllers use the auxiliary torques produced by the decentralized con-

trollers to supplement a Single Model-Based Controller (SMBC). This restores the overall

control torque to its full complement of feedforward, feedback, and auxiliary torque com-

ponents. These controllers easily outperform the decentralized adaptive controllers and

SMBCs from which they are derived. Our MBAIC that was based on Tarokh's auxiliary

torque computation provided better tracking than the Seraji version.

The AMBC controller worked better than the MBAIC algorithms for all test con-

ditions except Trajectory 6. In several instances the peak errors developed by either

trajectory are less that three milliradians. Both controllers provide a high degree of gross

manipulator control. The MBAIC controllers are much simpler to implement and compu-

tationally much simpler than the AMBC. If computational loading or sample frequencies

are a major concern, MBAIC is the method of choice. For most applications, the AMBC

controller should be chosen.

The aim of this research was to evaluate control different methods for implementation

as gross robotic motion controllers to meet future Air Force applications. The 16-parameter

AMBC was verified as a reasonable approach. Two decentralized adaptive algorithms have

been rejected and the potential of Model-Based Auxiliary Input Control has been identified.

6.2 Recommendations

The decentralized adaptive controllers contain unnecessary calculations in view of the

number of the mathematically derived components that were not used in either implenen-

tation. A sample period of 4.5 milliseconds was used for all of the tests performe(l in this

research effort. This software needs to be rewritten to eliminate avoidable additions and
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multiplications of terms that will always be set to zero. These controllers may perform

admirably with an increased samp,,,Lg rate.

Additionally, the AMBC and MBAIC techniques used for adaptive robot control

should be compared to other techniques proposed in control literature. This can be accom-

plished in the experimental environment available in the Air Force Institute of Technology

Robotic Systems Laboratory.
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Appendix A. 13-Parameter Uninitialized Learning Runs

This section contain the results of 13-parameter adaptation runs for each test tra-

jectory using uninitialized parameters. Each trajectory was run nine times to allow the

controller to adapt.
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Appendix B. 16-Parameter Uninitialized Learning Runs

This section contain the results of 16-Parameter adaptation runs for each test tra-

jectory using uninitialized paramters. Each trajectory was run nine times to allow the

controller to adapt.
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Appendix C. 19-Parameter Uninitialized Learning Runs

This section contain the results of 19-parameter adaptation runs for each test tra-

jectory using uninitialized parameters. Each trajectory was run nine times to allow the

controller to adapt.
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Appendix D. Comparisons of Single Uninitialized Runs

This section contains a comparison of the first runs for 13-, 16-, and 19-parameter

AMBC controllers for each test trajectory using uninitialized parameters.
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Appendix E. Comparisons of Uninitialized Runs After Learning

This section contains a comparison of the 13-, 16-, and 19-parameter adaptation runs

for each test trajectory using uninitialized parameters. Each trajectory was run nine times

to allow the controller to adapt.
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Appendix F. 13-Parameter Initialized Learning Runs

This section contain the results of 13-parameter adaptation runs for each test trajec-

tory using initialized parameters. Each trajectory was run five times to allow the controller

to adapt.
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Appendix G. 16-Parameter Initialized Learning Runs

This section contain the results of 16-parameter adaptation runs for each test trajec-

tory using initialized parameters. Each trajectory was run five times to allow the controller

to adapt.
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Appendix H. 19-Parameter Initialized Learning Runs

This section contain the results of 19-parameter adaptation runs for each test trajec-

tory using initialized parameters. Each trajectory was run five times to alhw the controller

to adapt.
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Appendix I. Comparisons of Single Initialized Runs

This section contains a comparison of the first runs for 13-, 16-, and 19-parameter

AMBC controllers for each test trajectory using initialized parameters.
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Appendix J. Comparisons of Initialized Runs After Learning

This section contains a comparison of the 13-, 16-, and 19-parameter adaptation runs

for each test trajectory using initialized parameters. Each trajectory was run five times to

allow the controller to adapt.
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Appendix K. Comparisons of 16- and 19-Parameter Learning Runs

This section contains a comparison of the final learning runs for 16- and 19-parameter

AMBC controllers for each test trajectory using uninitialized and initialized parameters.

K-i



Joint 1 Tracking Errors
0.003

-I 0.002 /', I

.o o..... ............. ....- J A .' -'
/ A

.

-0.0010
-0.002 [

-0. 003 -t

-0.004 1
0.00 0.50 1.00 1.50 2.00

Time (seconds)

Figure K.1. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 2

Joint 2 Tracking Errors
0.0020

0.0015

0.0001

0.0010 

00000
.1 I : I, .

o -0.0005 *, 4j

-0.0010

-0.0015

-0.0020
0.00 0.50 1.00 1.50 2.00

Time (seconds)

Figure K.2. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 2

19 Uninitialized Parameters 19 Initialized Parameters
16 Uninitialized Parameters 11 16 Initialized Parameters

K-2



Joint 3 Tracking Errors
0.004

0.003

0.002

-0.001 .y .

o -0.002 I

0d

-0.003
P -0.0014A

-0.005

-0.006

0.00 0.50 1.00 1.50 2.00
Time (seconds)

Figure K.3. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 2

Joint 1 Tracking Errors
0.0020

0. 0015 I'

I 1%k
.0o0105~ ;: ...

.d 0 . 0 0 0 5 , .",
f::

0.0000 .{. j .. . ...... 4. ,0 0000................. ...... . ......... ..................

' -0.0005

-0.0010 . .. .. V

-0.0015

-0.0020
0.00 0.50 1.00 1.50 2.00

Time (seconds)

Figure K.4. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 3
19 Uninitialized Parameters ............ 19 Initialized Parameters
16 Uninitialized Parameters ..... 16 Initialized Parameters

K-3



Joint 2 Tracking Errors
0.002

0. 001

d 0.000 .......................

$4 -0 .001

0 0 -0.002 i

rxl

-0.003

-0.004
0.00 0.50 1.00 1.50 2.00

Time (seconds)

Figure K.5. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 3

Joint 3 Tracking Errors
0.003

0.002

U) oo
*. ,,,,,,¢

to 0 .000 , T L , 'J " '", .. .v~h .. .......... .....-- %k-

-0.002

-0 .003

-0.004
0.00 0.50 1.00 1.50 2.00

Time (seconds)

Fi ure K.6. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 3

19 Uninitialized Parameters ........ 19 Initialized Parameters
16 Uninitialized Parameters 16 Initialized Parameters

IK-4



Joint 1 Tracking Errors
0.008

0.006

0.004

~ 0.002
ra.- o*Q ,to 0.000 .z ...... IS...... ;'- ........". ..........

-0.002

0° -0.004
-0.006

-0.008

-0.010
0.00 0.50 1.00 1.50 2.00

Time (seconds)

Figure K.7. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 3 w/
Payload

Joint 2 Tracking Errors

0.008

0.006

0 .004 Jill

0.0

-0.004
0

-0.006 , ,

-0.008 i

-0.010

-0.012 '
0.00 0.50 1.00 1.50 2.00

Time (seconds)

Figure K.8. Comparison of 16- and 19-Parameter Adaptation Runs Trajectory 3 w/
Payload

19 Uninitialized Parameters 19 Initialized Parameters
16 Uninitialized Patameters 16 Initialized Parametersi

K-5



Joint 3 Tracking Errors

0.020

0.015

-~0.010

.,-i 0.005

0.00

r~-0.0101

-0.015

-0.020 ~ ~ ~ ___________

0.00 0.50 1.00 1.50 2,00
Time (seconds)

Figure K.9. Comparison of lu- and 19-Parameter Adaptation Runs -Trajectory 3 w/
Payload

Joint 1 Tracking Errors

0.0020

0.0015

-~0.0010

0.0005 I

0 -0.0005 t~ it V IJ

-0.0015

-0.0020
0.00 0.%, 1.00 1.50 2.00

Time (seconds)

Figure K.10. Comparison of 16- ai~d 19-Parameter Adaptation Runs - Trajectory 4
19 Uninitialized Parameters ....... 19 Initialized Parameters

~~3yj6 niitalzed Parameters ---- 16 Initialized Parameters

K- 6



Joint 2 Tracking Errors

0.004

0. 003 ,.

0.002/

d 0.000 ....... .....

-4 -0.001

S-0.002 ,

S-0.003

-0.004 II

-0.005 \ ,

-0.006 I

0.00 0.50 1.00 1.50 2.00
Time (seconds)

Figure K.11. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 4

Joint 3 Tracking Errors
0.010

0.008

wl 0.006
r.I

V 0.004

0. 002 /
0

4 0 .0 00 M . ..

-0.002 .I

-0.004
0.00 0.50 1.00 1.50 2.00

Time (seconds)

Figurc K-12. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 4
I 119 Uninitialized Parameters.........119 Initialized Parameters

16 Uninitialized Parameters ---- 16 Initialized Parameters

K-7



Joint 1 Tracking Errors
0.005

0.004

0.003

-0.002
"" 0.000 ................ 51x . , .......

-0.001

-0.002•

-0.003

-0.004 ,
0.00 0.50 1.00 1.50 2.00

Time (seconds)

Figure K.13. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 5

Joint 2 Tracking Errors
0.004 ,

0.003

0.002 Ij'

.000 "= . .... . '" ...,... .1- "..o ;-

-0.001 "."-0.000

s-0.001-ooo

-0.005

0.00 0.50 1.00 1.50 2.00
Time (seconds)

Figure K.14. Comparison of 16- and 19-Parameter Adaptation Runs - Trajectory 5
19 Uninitialized Parameters ........ 19 Initialized Parameters
16 Uninitialized Parameters -.. 16 Initialized Parameters

K-8



Joint 3 Tracking Errors
0.008 ,

0.006

C 0.004

P- 0.002 .
0 .0 0 .............. .. . ,, .. ,!I! rj .: " " "

0.002

-0.004
0.00 0.50 1.00 1.50 2.00

Time (seconds)
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Appendix L. Learned Parameters for 13-Parameter Testing

The results of conducting learning runs for all six test trajectories using 13 adaptive

parameters are listed in the fohowing tables. These trajectories were run with an assess-

ment of all of the manipulator's parameters given (Initialized) and with all parameters set

to zero (w/o Init). The learning process was conducted over a series of five runs for the

initialized tests and nine runs for the uninitialized tests.

Table L.1. Learned 13-Parameter Values - Trajectory 1
Trajectory 1 without payload Trajectory 1 with payload

Number Nominal Initialized w/o Init Nominal Initialized w/o Init
1 0.30 0.85 -4.96 0.68 1.37 -9.75
2 -52.09 -54.86 -30.73 -60.56 -63.99 -33.77
3 -7.53 -7.30 -10.12 -17.12 -18.59 -20.13
4 -0.01 -0.01 0.00 -0.01 -0.01 0.00
5 4.50 -1.73 -36.53 4.50 -2.58 -38.47
6 3.50 -0.23 -23.76 3.50 3.81 -19.08
7 3.50 1.09 -9.25 3.50 2.51 -10.02
8 5.95 7.62 10.42 5.95 7.24 9.95
9 6.82 10.58 20.56 6.82 8.78 18.74
10 3.91 4.30 4.72 3.91 1.98 2.82
11 1.00 0.21 -5.11 1.00 -0.59 -6.28
12 1.00 -0.34 -2.43 1.00 -0.95 -5.92
13 1.00 0.37 -5.90 1.00 -1.61 -11.04
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Table L.2. Learned 13-Parameter Values - Trajectory 3
Trajectory 3 without payload Trajectory 3 with payload

Number Nominal Initialized w/o Init Nominal Initialized w/o Init
1 0.30 -0.16 -3.28 0.68 -0.40 -7.44
2 -52.09 -52.32 -15.75 -60.56 -61.30 -19.53
3 -7.53 -8.34 -10.86 -17.12 -19.05 -24.65
4 -0.01 -0.01 0.00 -0.01 -0.01 0.00
5 4.50 6.03 -43.66 4.50 6.11 -50.12
6 3.50 5.91 -14.67 3.50 8.35 -6.52
7 3.50 2.16 -8.76 3.50 4.37 -13.15
8 5.95 7.29 7.81 5.95 6.24 3.30
9 6.82 7.79 32.64 6.82 5.23 31.98
10 3.91 4.47 6.84 3.91 3.65 1.98
11 1.00 0.69 -5.05 1.00 -0.30 -4.40
12 1.00 -1.03 1.75 1.00 -2.40 -4.07
13 1.00 0.00 -5.61 1.00 -2.58 -7.37

Table L.3. Learned 13-Parameter Values - Trajectories 2 and 4
Trajectory 2 Trajectory 4

Number Nominal Initialized w/o Init Initialized w/o Init
1 0.30 0.26 -4.66 0.69 -4.18
2 -52.09 -51.67 -8.21 -52.26 -24.78
3 -7.53 -8.67 -9.23 -7.57 -7.37
4 -0.01 -0.01 0.00 -0.01 0.00
5 4.50 10.24 -47.31 0.51 -28.24
6 3.50 5.84 -5.37 4.07 -39.84
7 3.50 4.47 5.33 2.36 7.80
8 5.95 6.71 8.57 8.11 7.08
9 6.82 4.27 47.05 10.74 -2.69
10 3.91 5.32 9.90 4.75 7.43
11 1.00 0.76 -5.45 0.02 -0.99
12 1.00 -0.65 0.54 -0.15 -0.4
13 1.00 0.19 -2.92 0.25 -2.39
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Table L.4. Learned 13-Parameter Values - Trajectories 5 and 6
Trajectory 5 Trajectory 6

Number Nominal Initialized w/o Init Initialized w/o Init
1 0.30 1.25 6.85 2.29 4.86
2 -52.09 -54.46 -32.77 -46.72 -36.17
3 -7.53 -8.17 -11.51 -10.58 -6.63
4 -0.01 -0.01 0.00 -0.01 0.00
5 4.50 0.35 -24.52 17.40 -36.41
6 3.50 -1.55 -34.95 21.55 -43.15
7 3.50 4.62 11.56 6.24 -11.07
8 5.95 7.71 8.69 7.96 7.56
9 6.82 4.55 12.21 7.34 7.20
10 3.91 6.03 10.87 5.26 2.30

11 1.00 0.28 -2.44 0.55 -5.07
12 1.00 0.07 -0.27 -0.48 -5.30
13 1.00 0.00 -2.84 0.06 -7.07
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Appendix M. Learned Parameters for 16-Parameter Testing

The results of conducting learning runs for all six test trajectories using adaptive

16-parameters are listed in the following tables. These trajectories were run with an

assessment of all of the manipulator's parameters given (Initialized) and with all parameters

set to zero (w/o Init). The learning process was conducted over a series of five runs for

the initialized tests and nine runs for the uninitialized tests.

Table M.1. Learned 16-Parameter Values - Trajectory 1
Trajectory 1 without payload Trajectory 1 with payload

Number Nominal Initialized w/o Init Nominal Initialized w/o Init
1 0.30 1.04 5.81 0.68 0.05 6.94
2 -52.09 -53.83 -17.64 -60.56 -62.62 -20.34
3 -7.53 -8.81 -8.46 -17.12 -18.86 -15.36
4 -0.01 -0.01 0.00 -0.01 -0.01 0.00
5 -0.03 0.23 -1.08 -0.06 0.34 -1.40
6 -1.57 -2 86 -3.34 -1.46 -3.40 -4.33
7 2.10 2.95 0.65 2.47 3.03 -0.71
8 -0.03 -0.70 -1.20 -0.07 -0.89 -1.51
9 0.67 2.99 11.41 1.51 2.99 11.84
10 -0.12 -0.23 -1.90 -0.26 -0.36 -2.65
11 4.50 4.81 7.04 4.50 5.45 7.49
12 3.50 4.08 3.58 3.50 4.37 4.32
13 3.50 3.45 3.18 3.50 3.51 3.07
14 5.95 7.46 5.02 5.95 6.91 4.61
15 6.82 9.51 17.00 6.82 8.50 18.29
16 3.91 5.86 10.14 3.91 5.67 1 8.30
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Table M.2. Learned 16-Parameter Values - Trajectory 3
Trajectory 3 without payload Trajectory 3 with payload

Number Nominal Initialized w/o Init Nominal Initialized w/o Init
1 0.30 -0.83 8.70 0.68 -0.90 8.65
2 -52.09 -52.29 -33.41 -60.56 -61.03 -39.21
3 -7.53 -8.85 -9.02 -17.12 -19.03 -21.75
4 -0.01 -0.01 0.00 -0.01 -0.01 0.00
5 -0.03 0.87 4.33 -0.06 0.83 3.31
6 -1.57 -2.26 -2.33 -1.46 -2.50 -3.73
7 2.10 2.13 6.43 2.47 2.46 7.08
8 -0.03 -0.65 1.69 -0.07 -0.79 1.79
9 0.67 0.91 8.19 1.51 1.47 11.79
10 -0.12 -0.05 -0.73 -0.26 -0.19 -0.95
11 4.50 5.26 5.21 4.50 5.39 7.39
12 3.50 4.15 3.81 3.50 4.33 5.16
13 3.50 3.55 3.26 3.50 3.70 5.34
14 5.95 7.84 10.11 5.95 7.23 7.52
15 6.82 6.88 20.25 6.82 6.97 21.92
16 3.91 4.48 11.24 3.91 4.66 8.20

Table M.3. Learned 16-Parameter Values - Trajectories 2 and 4
Traje .ory 2 Trajectory 4

Number Nominal Initialized w/o Init Initialized w/o Init
1 0.30 1.36 5.46 0.45 -3.57
2 -52.09 -51.35 -29.85 -50.99 -16.47
3 -7.53 -9.26 -17.22 -7.17 -3.74
4 -0.01 -0.01 0.00 -0.01 0.00
5 -0.03 -1.03 -1.03 0.20 3.34
6 -1.57 -1.35 -2.47 -0.86 -3.71
7 2.10 1.14 2.94 2.00 0.32
8 -0.03 0.11 1.20 -0.10 -1.42
9 0.67 0.46 6.39 2.11 10.51
10 -0.12 -0.37 -0.47 0.20 0.69
11 4.50 5.27 1.93 5.46 3.64
12 3.50 3.90 2.49 3.93 -1.95

13 3.50 3.56 0.24 2.86 1.82
14 5.95 7.36 2.27 8.13 9.70
15 6.82 6.12 21.36 8.86 -8.96
16 3.91 5.40 4.58 4.06 4.63
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Table M.4. Learned 16-Parameter Values - Trajectories 5 and 6
1 Trajectory 5 Trajectory 6

Number Nominal Initialized w/o Init Initialized w/o Init
1 0.30 0.40 -6.43 -0.29 -0.56
2 -52.09 -53.11 -21.81 -44.49 -29.35
3 -7.53 -8.14 -13.48 -9.92 6.23
4 -0.01 -0.01 0.00 -0.01 0.00
5 -0.03 0.78 1.02 0.24 2.93
6 -1.57 -1.43 -1.75 -0.47 2.08
7 2.10 1.36 -6.85 -2.94 24.57
8 -0.03 -0.03 -0.27 0.02 1.04
9 0.67 3.65 15.35 -1.58 14.23

10 -0.12 -0.14 -0.03 -0.71 3.05
11 4.50 5.10 4.18 7.29 4.73
12 3.50 3.54 1.58 4.55 -0.97
13 3.50 3.45 -0.43 3.68 5.46
14 5.95 7.00 3.99 6.96 10.59
15 6.82 5.70 13.34 9.99 -3.93
16 3.91 5.73 5.18 6.08 -4.40
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Appendix N. Learned Parameters for 19-Parameter Tsling

The results of conducting learning runs for all six test trajectories using adz.ptive

19-parameters are listed in the following tables. These trajectories were run with an

assessment of all of the manipulator's parameters given (Initialized) and with all parameters

set to zero (w/o Init)., The learning process was conducted over a series of five runs for

the initialzed tests and nine runs for the uninitialized tests.

Table N.1. Learned 19-Parameter Values - Trajectory 1
Trajectory 1 without payload Trajectory 1 with payload

Number Nominal Initialized w/o Init Nominal Initialized w/o Init
1 0.30 0.87 6.78 0.68 1.31 6.71
2 -52.09 -53.15 -17.88 -60.56 -62.80 -20.81
3 -7.53 -9.63 -8.88 -17.12 -18.73 -15.39
4 -0.01 -0.01 0.00 -0.01 -0.01 0.00
5 -0.03 0.38 -1.18 -0.06 0.11 -1.49
6 -1.57 -2.77 .3.36 -1.46 -3.45 -4.41
7 2.10 3.40 0.82 2.47 3.59 -0.65
8 -0.03 -0.65 -1.24 -0.07 -0.91 -1.57
9 0.67 3.04 11.58 1.51 3.59 11.69
10 -0.12 -0.16 -1.80 -0.26 -0.25 -2.62
11 4.50 4.23 7.00 4.50 5.37 7.57
12 3.50 4.16 3.61 3.50 4.54 4.44
13 3.50 3.52 3.33 3.50 3.65 3.20
14 5.95 7.35 4.74 5.95 7.13 4.54
15 6.82 9.88 17.13 6.82 8.73 18.04
16 3.91 6.02 9.45 3.91 5.12 8.21
17 1.00 1.64 1.22 1.00 -0.61 0.27
18 1.00 0.87 -0.16 1.00 0.53 -0.45
19 1.00 0.91 -0.33 1.00 1.10 -0.65
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Table N.2. Learned 19-Parameter Values - Trajectory 3

Trajectory 3 without payload Trajectory 3 with payload
Number Nominal Initialized w/o Init Nominal Initialized w/o Init

1 0.30 -1.22 9.24 0.68 -1.24 8.13
2 -52.09 -51.47 -33.83 -60.56 -60.75 -38.48
3 -7.53 -7.94 -10.44 -17.12 -19.23 -18.18
4 -0.01 -0.01 0.00 -0.01 -0.01 0.00
5 -0.03 1.19 3.96 -0.06 0.70 4.38
6 -1.57 -2.36 -2.09 -1.46 -3.12 -4.25
7 2.10 2.38 6.26 2.47 2.56 6.79

8 -0.03 -0.64 1.66 -0.07 -0.98 1.59
9 0.67 0.64 8.36 1.51 0.86 10.26
10 -0.12 -0.04 -0.51 -0.26 -0.23 -1.03
11 4.50 5.10 5.15 4.50 5.70 6.33
12 3.50 4.30 3.77 3.50 4.70 5.16
13 3.50 3.56 3.32 3.50 4.11 4.62
14 5.95 7.61 10.07 5.95 7.11 9.09
15 6.82 6.42 20.54 6.82 7.01 21.46
16 3.91 4.65 10.67 3.91 4.88 9.54
17 1.00 0.44 -0.63 1.00 0.16 -2.74
18 1.00 0.45 -0.21 1.00 0.34 -1.07
19 1.00 0.80 0.01 1.00 0.50 -0.83
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Table N.3. Learned 19-Parameter Values - Trajectories 2 and 4

Trajectory 2 Trajectory 4
Number Nominal Initialized w/o Init Initialized w/o Init

1 0.30 0.52 6.90 1.30 -3.62
2 -52.09 -51.19 -29.88 -50.89 -16.61
3 -7.53 -9.03 -16.96 -7.79 -4.48
4 -0.01 -0.01 0.00 -0.01 0.00
5 -0.03 -0.73 -1.18 -0.05 3.47
6 -1.57 -1.80 -2.24 -0.44 -3.44
7 2.10 1.40 2.93 2.82 0.41
8 -0.03 0.21 1.13 -0.06 -1.56
9 0.67 0.32 6.64 1.83 10.43

10 -0.12 -0.48 -0.47 0.20 0.68
11 4.50 5.05 2.09 5.46 3.80
12 3.50 4.17 2.72 4.00 -1.90
13 3.50 3.08 0.17 2.69 1.56
14 5.95 7.78 1.79 8.42 9.48
15 6.82 5.93 21.30 7.60 -9.34
16 3.91 5.70 4.89 4.14 4.43
17 1.00 1.93 3.96 1.22 0.70
18 1.00 0.69 0.49 0.75 -0.19
19 1.00 0.89 -0.42 0.96 -0.38
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Table N.4. Learned 19-Parameter Values - Trajectories 5 and 6
Trajectory 5 Trajectory 6

Number Nominal Initialized w/o Init Initialized w/o Init
1 0.30 0.81 -6.71 0.88 -0.52
2 -52.09 -53.37 -21.84 -42.77 -29.18
3 -7.53 -8.08 -13.66 -0.50 6.65
4 -0.01 -0.01 0.00 -0.01 0.00
5 -0.03 0.73 1.09 -5.17 2.94
6 -1.57 -1.44 -1.75 -0.41 1.98
7 2.10 0.18 -6.83 -2.47 24.47
8 -0.03 0.03 -0.21 0.03 1.10
9 0.67 3.85 15.60 7.18 14.06

10 -0.12 -0.11 -0.08 -0.69 3.08
11 4.50 4.85 4.56 3.43 4.88
12 3.50 3.62 1.64 4.75 -0.92
13 3.50 3.44 -0.33 9.66 5.53
14 5.95 6.97 3.50 6.01 10.61
15 6.82 4.91 12.94 1.73 -3.96
16 3.91 5.50 5.00 6.12 -4.24
17 1.00 2.22 4.50 0.73 -0.78
18 1.00 0.59 0.01 0.70 -0.20
19 1.00 0.68 -0.08 0.01 -0.70
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Appendix 0. Compa,-ison of Learned Parameters

The results of conducting learning runs for all six test trajectories using 13, 16, and

19 adaptive parameters are listed in the following tables. These trajectories were run

with an assessment of all of the manipulator's parameters given (Initialized) and with all

parameters set to zero (w/o Init). The learning process was conducted over a se:ies of

five runs Lor the initialized tests and nine runs for the uninitialized tests. The last nine

parameters in the 13-parameter adaptation are placed so that they coincide with the same

friction parameters in the 16- and 19-parameter configurations.

Table 0.1. Learned Parameter Values - Trajectory 1
Trajectory 1 Initialized Trajectory 1 Uninitialized

Number Nominal 13 par 16 par 19 par 13 par 16 par 19 par
1 0.30 0.85 1.04 0.87 -4.96 5.81 6.78
2 -52.09 -54.86 -53.83 -53.15 -30.73 -17.64 -17.88
3 -7.53 -7.30 -8.81 -9.63 -10.12 -8.46 -8.88
4 -0.01 -0.01 -0.01 -0.01 0.00 0.00 0.00
5 -0.03 0.23 0.38 -1.08 -1.18
6 -1.57 -2.86 -2.77 -3.34 -3.36
7 2.10 2.95 3.40 0.65 0.82
8 -0.03 -0.70 -0.65 -1.20 -1.24
9 0.67 2.99 3.04 11.41 11.58
10 -0.12 -0.23 -0.16 -1.90 -1.80
11 4.50 -1.73 4.81 4.23 -36.53 7.04 7.00
12 3.50 -0.23 4.08 4.16 -23.76 3.58 3.61
13 3.50 1.09 3.45 3.52 -9.25 3.18 3.33
14 5.95 7.62 7.46 7.35 10.42 5.02 4.74
15 6.82 10.58 9.51 9.88 20.56 17.00 17.13
16 3.91 4.30 5.86 6.02 4.72 10.14 9.45
17 1.00 0.21 1 1.64 -5.11 1.22
18 1.00 -0.34 0.87 -2.43 -0.16
19 1.00 0.37 0.91 -5.90 -0.33
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Table 0.2. Learned Parameter Values - Trajectory 1 with payload

Trajectory 1 Initialized Trajectory 1 Uninitialized
Number Nominal 13 par 16 par 19 par 13 par 16 par 19 par

1 0.68 1.37 0.05 1.31 -9.75 6.94 6.71
2 -60.56 -63.99 -62.62 -62.80 -33.77 -20.34 -20.81
3 -17.12 -18.59 -18.86 -18.73 -20.13 -15.36 -15.39
4 -0.01 -0.01 -0.01 -0.01 0.00 0.00 0.00
5 -0.06 0.34 0.11 -1.40 -1.49
6 -1.46 -3.40 -3.45 -4.33 -4.41
7 2.47 3.03 3.59 -0.71 -0.65
8 -0.07 -0.89 -0.91 -1.51 -1.57
9 1.51 2.99 3.59 11.84 11.69
10 -0.26 -0.36 -0.25 -2.65 -2.62
11 4.50 -2.58 5.45 5.37 -38.47 7.49 7.57
12 3.50 3.81 4.37 4.54 -19.08 4.32 4.44
13 3.50 2.51 3.51 3.65 -10.02 3.07 3.20
14 5.95 7.24 6.91 7.13 9.95 4.61 4.54
15 6.82 8.78 8.50 8.73 18.74 18.29 18.04
16 3.91 1.98 5.67 5.12 2.82 8.30 8.21
17 1 1.00 -0.59 -0.61 -6.28 0.27
18 1.00 -0.95 0.53 -5.92 -0.45
19 1.00 -1.61 1.10 -11.04 -0.65
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Table 0.3. Learned Parameter Values - Trajectory 2

Trajectory 2 Initialized Trajectory 2 Uninitialized
Number Nominal 13 par 16 par 19 par 13 par 16 par 19 par

1 0.30 0.26 1.36 0.52 -4.66 5.46 6.90
2 -52.09 -51.67 -51.35 -51.19 -8.21 -29.85 -29.88
3 -7.53 -8.67 -9.26 -9.03 -9.23 -17.22 -16.96
4 -0.01 -0.01 -0.01 -0.01 0.00 0.00 0.00
5 -0.03 -1.03 -0.73 -1.03 -1.18
6 -1.57 -1.35 -1.80 -2.47 -2.24
7 2.10 1.14 1.40 2.94 2.93
8 -0.03 0.11 0.21 1.20 1.13
9 0.67 0.46 0.32 6.39 6.64
10 -0.12 -0.37 -0.48 -0.47 -0.47
11 4.50 10.24 5.27 5.05 -47.31 1.93 2.09
12 3.50 5.84 3.90 4.17 -5.37 2.49 2.72
13 3.50 4.47 3.56 3.08 5.33 0.24 0.17
14 5.95 6.71 7.36 7.78 8.57 2.27 1.79
15 6.82 4.27 6.12 5.93 47.05 21.36 21.30
16 3.91 5.32 5.40 5.70 9.90 4.58 4.89
17 1.00 0.76 1.93 -5.45 3.96
18 1.00 -0.65 0.69 0.54 0.49

19 1.00 0.19 0.89 -2.92 -0.42
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Table 0.4. Learned Parameter Values - Trajectory 3

Trajectory 3 Initialized Trajectory 3 Uninitialized
Number Nominal 13 par 16 par 19 par 13 par 16 par 19 par

1 0.30 -0.16 -0.83 -1.22 -3.28 8.70 9.24
2 -52.09 -52.32 -52.29 -51.47 -15.75 -33.41 -33.83
3 -7.53 -8.34 -8.85 -7.94 -10.86 -9.02 -10.44
4 -0.01 -0.01 -0.01 -0.01 0.00 0.00 0.00
5 -0.03 0.87 1.19 4.33 3.96
6 -1.57 -2.26 -2.36 -2.33 -2.09
7 2.10 2.13 2.38 6.43 6.26
8 -0.03 -0.65 -0.64 1.69 1.66
9 0.67 0.91 0.64 8.19 8.36
10 -0.12 -0.05 -0.04 -0.73 -0.51
11 4.50 6.03 5.26 5.10 -43.66 5.21 5.15
12 3.50 5.91 4.15 4.30 -14.67 3.81 3.77
13 3.50 2.16 3.55 3.56 -8.76 3.26 3.32
14 5.95 7.29 7.84 7.61 7.81 10.11 10.07
15 6.82 7.79 6.88 6.42 32.64 20.25 20.54
16 3.91 4.47 4.48 4.65 6.84 11.24 10.67
17 1.00 0.69 0.44 -5.05 -0.63
18 1.00 -1.03 0.45 1.75 -0.21
19 1.00 0.00 1 0.80 -5.61 0.01

0-4



Table 0.5. Learned Parameter Values - Trajectory 3 with payload
Trajectory 3 Initialized Trajectory 3 Uninitialized

Number Nominal 13 par 16 par 19 par 13 par 16 par 19 par
1 0.68 -0.40 -0.90 -1.24 -7.44 8.65 8.13
2 -60.56 -61.30 -61.03 -60.75 -19.53 -39.21 -38.48
3 -.17.12 -19.05 -19.03 -19.23 -24.65 -21.75 -18.18
4 -0.01 -0.01 -0.01 -0.01 0.00 0.00 0.00
5 -0.06 0.83 0.70 3.31 4.38
6 -1.46 -2.50 -3.12 -3.73 -4.25
7 2.47 2.46 2.56 7.08 6.79
8 -0.07 -0.79 -0.98 1.79 1.59
9 1.51 1.47 0.86 11.79 10.26
10 -0.26 -0.19 -0.23 -0.95 -1.03
11 4.50 6.11 5.39 5.70 -50.12 7.39 6.33
12 3.50 8.35 4.33 4.70 -6.52 5.16 5.16
13 3.50 4.37 3.70 4.11 -13.15 5.34 4.62
14 5.95 6.24 7.23 7.11 3.30 7.52 9.09
15 6.82 5.23 6.97 7.01 31.98 21.92 21.46
16 3.91 3.65 4.66 4.88 1.98 8.20 9.54
17 1.00 -0.30 0.16 -4.40 -2.74
18 1.00 -2.40 0.34 -4.07 -1.07
19 1.00 -2.58 0.50 -7.37 -0.83
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Table 0.6. Learned Parameter Values - Trajectory 4
Trajectory 4 Initialized Trajectory 4 Uninitialized

Number Nominal 13 par 16 par 19 par 13 par 16 par 19 par
1 0.30 0.69 0.45 1.30 -4.18 -3.57 -3.62
2 -52.09 -52.26 -50.99 -50.89 -24.78 -16.47 -16.61
3 -7.53 -7.57 -7.17 -7.79 -7.37 -3.74 -4.48
4 -0.01 -0.01 -0.01 -0.01 0.00 0.00 0.00
5 -0.03 0.20 -0.05 3.34 3.47
6 -1.57 -0.86 -0.44 -3.71 -3.44
7 2.10 2.00 2.82 0.32 0.41

8 -0.03 -0.10 -0.06 -1.42 -1.56
9 0.67 2.11 1.83 10.51 10.43
10 -0.12 0.20 0.20 0.69 0.68
11 4.50 0.51 5.46 5.46 -28.24 3.64 3.80
12 3.50 4.07 3.93 4.00 -39.84 -1.95 -1.90
13 3.50 2.36 2.86 2.69 7.80 1.82 1.56
14 5.95 8.11 8.13 8.42 7.08 9.70 9.48
15 6.82 10.74 8.86 7.60 -2.69 -8.96 -9.34
16 3.91 4.75 4.06 4.14 7.43 4.63 4.43
17 1 00 0.02 1.22 -0.99 0.70
18 1.00 -0.15 0.75 -0.44 -0.19
19 1.00 0.25 0.96 -2.39 -0.38
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Table 0.7. Learned Parameter Values - Trajectory 5
Trajectory 5 Initialized Trajectory 5 Uninitialized

Number Nominal 13 par 16 par 19 par 13 par 16 par 19 par
1 0.30 1.25 0.40 0.81 6.85 -6.43 -6.71
2 -52.09 -54.46 -53.11 -53.37 -32.77 -21.18 -21.84
3 -7.53 -8.17 -8.14 -8.08 -11.51 -13.48 -13.66
4 -0.01 -0.01 -0.01 -0.01 0.00 0.00 0.00
5 -0.03 0.78 0.73 1.02 1.09
6 -1.57 -1.43 -1.44 -1.75 -1.75
7 2.10 1.36 0.18 -6.85 -6.83
8 -0.03 -0.03 0.03 -0.27 -0.21
9 0.67 3.65 3.85 15.35 15.60
10 -0.12 -0.14 -0.11 -0.03 -0.08
11 4.50 0.35 5.10 4.85 -24.52 4.18 4.56
12 3.50 -1.55 3.54 3.62 -34.95 1.58 1.64
13 3.50 4.62 3.45 3.44 11.56 -0.43 -0.33
14 5.95 7.71 7.00 6.97 8.69 3.99 3.50
15 6.82 4.55 5.70 4.91 12.21 13.34 12.94
16 3.91 6.03 J 5.73 5.50 10.87 5.18 5.00
17 1.00 0.28 2.22 -2.44 4.50
18 1.00 0.07 0.59 -0.27 0.01
19 1.00 0.00 0.68 -2.82 -0.08
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Table 0.8. Learned Parameter Values - Trajectory 6
Trajectory 6 Initialized Trajectory 6 Uninitialized

Number Nominal 13 par 16 par 19 par 13 par 16 par 19 par
1 0.30 2.29 -0.29 0.88 4.86 -0.56 -0.52
2 -52.09 -46.72 -44.49 -42.77 -36.17 -29.35 -29.18
3 -7.53 -10.58 -9.92 -0.50 -6.63 6.23 6.65
4 -0.01 -0.01 -0.01 -0.01 0.00 0.00 0.00
5 -0.03 0.24 -5.17 2.93 2.94
6 -1.57 -0.47 -0.41 2.08 1.98
7 2.10 -2.94 -2.47 24.57 24.47
8 -0.03 0.02 0.03 1.04 1.10
9 0.67 -1.58 7.18 14.23 14.06
10 -0.12 -0.71 -0.69 3.05 3.08
11 4.50 17.40 7.29 3.43 -36.41 4.73 4.88
12 3.50 21.55 4.55 4.75 -43.15 -0.97 -0.92
13 3.50 6.24 3.68 9.66 -11.07 5.46 5.53
14 5.95 7.96 6.96 6.01 7.56 10.59 10.61
15 6.82 7.34 9.99 1.73 7.20 -3.93 -3.96
16 3.91 5.26 6.08 6.12 2.30 -4.40 -4.24
17 1.00 0.55 0.73 -5.07 -0.78
18 1.00 -0.48 0.70 -5.30 -0.20
19 1.00 0.06 0.01 -7.07 -0.70
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Appendix P. Tarokh Algorithm Runs

This section contains plots comparing the errors produced on Trajectory 0 versus

other test trajectories using the set of design parameters chosen for Trajectory 0.
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Appendix Q. Comparisons of Tarokh and Seraji Control Algorithms

This appendix contains comparison plots of Tarokh's and Seraji's adaptive control

algorithms for all test trajectories.
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Appendix R. Comparisons of MBA IC and SMBC Controllers

This appendix contains comparison plots of the tracking errors generated by the

Model-Based Auxiliary Input Controllers (MBAIC) constructed from the auxiliary torque

components of Tarokh's and Seraji's adaptive control algorithms. These plots illustrate

the improvements the MBAIC controllers have over the SMBC controller composed of only

PD feedback torques and a model-based feedforward torque.
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Appendix S. Comparison of MBAIC and AMBC Controllers

This appendix contains plots which compare the results achieved in 19-parameter

AMBC algorithm testing with the trajectory errors produced in MBAIC testing.
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